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DESCRIPTION 

THIN FILM TRANSISTOR, 
METHOD OF MANUFACTURING SAME, 
DISPLAY DEVICE, 
METHOD OF MODIFYING AN OXIDE FILM, 

SEMICONDUCTOR DEVICE, 
METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE, 

AND 

APPARATUS FOR MANUFACTURING SEMICONDUCTOR 

DEVICE 

TECHNICAL FIELD 

The present invention relates to a method of 
manufacturing a thin film transistor (TFT) which involves a 
suitable oxide film forming step for forming oxide film which 
needs to have particularly high quality and reliability, such 
as a gate oxide film (especially, silicon dioxide film). The 
invention also relates to its uses. 

The invention relates further to a method of forming an 
oxide film, a method of manufacturing a semiconductor device, 
and an apparatus for manufacturing a semiconductor device. 
To describe it in more detail, the invention relates to a 
method of forming a semiconductor oxide film, a method of 
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manufacturing a semiconductor device, and an apparatus for 
manufacturing a semiconductor device which are suitable for 
forming, for example, a thin insulating film (silicon dioxide 
film) on a semiconductor surface, in particular, on a silicon 
5 substrate surface, at low temperature. 

BACKGROUND ART 

A gate oxide film, or gate insulating film, is an important, 
thin insulating film which is part of a TFT. In TFTs, relatively 

10 high voltage is generally applied to the gate electrode, which 

requires the gate oxide film to be completely insulating. The 
gate oxide film is formed up to a thickness sufficient for this 
requirement (about a few tens to 100 nm) so that no leak 
current occurs. If an increase in leak current density is 

15 allowed, that will cause additional power consumption in the 

device, rise in operating temperature, instability, and other 
numerous problems. Furthermore, if the leak current has 
increased roughly equal to the drain current, the device is put 
at risk of being inoperable. 

20 The gate oxide film makes direct impacts, in this manner, 

on the performance (reliability and characteristics) of various 
devices containing the TFT. High quality and high reliability 
is particularly needed with the gate oxide film. 

The gate oxide film (for example, silicon dioxide film) in 

25 the TFT is typically formed by CVD (chemical vapor 



deposition). In CVD, an organic silane, for example, 
tetra-ethoxy-silane (TEOS), is thermally decomposed at a few 
hundred degrees Celsius so that it deposits on a substrate to 
form an oxide film (gate oxide film). 

There are other known methods, including sputter vapor 
deposition whereby the oxide is formed by sputter vapor 
deposition and plasma oxidation whereby the substrate 
surface is oxidized in plasma. 

Another method is anodization whereby the substrate 
surface is oxidized, forming oxide film thereon, by anodization. 
Well-known specific examples are found in Japanese 
Unexamined Patent Publication 3-6826/1991 (Tokukaihei 
3-6826; published on January 14, 1991); Japanese 
Unexamined Patent Publication 52-78374/1977 (Tokukaisho 
52-78374; published on July 1, 1977); Japanese Unexamined 
Patent Publication 2003-133309 (Tokukai 2003-133309; 
published on May 9, 2003); Applied Physics, vol. 44, issue 5, 
p.p. 497 to 506, 1975; and Encyclopedia of Electronics 
Technology, MOS device (1 st print in 1973), p.p. 124 to 125, 
Takashi TOKUYAMA. According to the method, voltage is 
applied to a silicon substrate in an aqueous solution of 
hydrofluoric acid (electrolyte) to form a porous anode-reaction 
silicon film. The porous anode-reaction film is subjected to 
anodization in an electrolyte in which silicon is anodized, for 
example, thick phosphoric acid. 
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In anodization, the voltage application moves silicon 
ions to the surface of the silicon substrate so that they form a 
silicon dioxide film on the surface. After the formation of the 
silicon dioxide film, to promote oxidation reaction at the 
5 interface between the formed silicon dioxide film and the 

electrolysis solution (surface of the silicon dioxide film), 
silicon ions are generated from the silicon substrate. 
Typically, a voltage as high as 100 V or more needs to be 
applied so that the silicon ions can pass through the silicon 
10 dioxide film to reach the interface between the silicon dioxide 

film and the electrolysis solution (surface of the silicon 
dioxide film). See Encyclopedia of Electronics Technology, 
MOS device (1 st print in 1973), p.p. 124 to 125, Takashi 
TOKUYAMA. 

15 These are all electrical methods based on voltage 

application. In contrast, the inventor has suggested chemical 
methods of forming an oxide film in various literatures 
including: Japanese Unexamined Patent Publication 
2004-47935 (Tokukai 2004-47935; published on February 12, 

20 2004); Japanese Unexamined Patent Publication 

9-45679/ 1997 (Tokukaihei 9-45679; published on February 
14, 1997); Japanese Unexamined Patent Publication 
2002-57154 (Tokukai 2002-57154; published on February 22, 
2002); Japanese Unexamined Patent Publication 2002-64093 

25 (Tokukai 2002-64093; published on February 28, 2002); J. 

L 



Applied Physics Letters, 81, 18, p.p. 3410-3412 (2002); and J. 
Applied Physics Letters, 94, 11, p.p. 7328-7335 (2003). For 
example, in Tokukai 2004-47935, the inventor suggests to 
form an oxide film as thin as about 1 nm on a surface of a 
5 silicon or other semiconductor substrate using thick nitric 

acid or a similar highly oxidizing chemical solution. 

To manufacture a flexible liquid crystal display, the 
thickness of TFTs and the device containing them needs to be 
cut down. The gate oxide film too needs to be thin for the 

10 same reasons, whilst maintaining insulation, through the 

formation of uniform film of high quality. 

Also to manufacture a flexible liquid crystal display, the 
TFTs need to be formed on an organic substrate such as PET 
(polyethylene terephthalate). To this end, the TFTs must be 

15 fabricated at 200°C or lower temperatures. 

The high temperature oxidation methods and CVD 
described above however require conditions of at least 800°C 
and 400°C respectively to fabricate the gate oxide film. The 
methods are not suitable for TFT fabrication in the 

20 manufacture of the flexible liquid crystal display. In the high 

temperature thermal oxidation methods, the dopant diffuses 
due to heating at high temperatures, wiping out junctions 
close to the surface. 

In CVD, an oxide film is deposited on the substrate. A 

25 uniform gate oxide film cannot be formed on a substrate with 

L 



an irregular or curved surface. Furthermore, the obtained film 
is of inferior quality to the oxide film fabricated by direct 
oxidation, for example, in a thermal oxidizing solution. 
Therefore, CVD does not produce a highly reliable, completely 
insulating gate oxide film. The gate oxide film needs to be 
formed up to a sufficient thickness to prevent insulation 
breakdown as described above. This requirement arises from 
the non-uniformity of the gate oxide film. 

CVD has other disadvantages too. The method uses 
dangerous SiH4, which ignites when released into the air. 
Many other gases used in the method need careful handling. 
CVD therefore requires large-scale facilities from gas 
introduction to venting. Hence, there is demand for a simple 
method to fabricate a high quality gate oxide film. 

Therefore, if a high quality gate oxide film is formed 
uniformly, the gate oxide film can be further thinned down. 

In conventional anodization, high voltage (typically, 100 
V or higher) is needed to move silicon ions in the silicon 
substrate from the silicon substrate to the gate oxide film 
(silicon dioxide film). Specifically, in anodization, the silicon 
dioxide film (oxide film) on the surface of the silicon substrate 
in electrolyte grows when silicon ions (Si + ) in the silicon 
substrate from the interface between the silicon substrate and 
the silicon dioxide film through the silicon dioxide film to the 
surface of the silicon dioxide film (interface between the 



silicon dioxide film and the electrolyte) and oxidized on the 
surface of the silicon dioxide film. As the silicon dioxide film 
forms and grows thicker, an increasingly large voltage needs 
to be applied across the silicon substrate. Nevertheless, 
excess voltage will cause insulation breakdown. It is therefore 
difficult to form a relatively thick, high quality silicon dioxide 
film. 

In addition, in anodization, ions in the electrolysis 
solution contaminate the oxide film. It is rather difficult to 
obtain a high quality oxide film. For example, electrical 
properties are not sufficiently stable. Therefore, to ensure 
that the oxide film formed by anodization provides target 
quality, the oxide film needs to be thick, which means that 
anodization is also short of producing a high quality oxide 
film. If the oxide film has such a shape that the stress arising 
from volume expansion of the oxide film acts on the Si 
substrate, the stress retards the growth of the oxide film in 
some cases. Where the stress is concentrated, the oxide film 
in those parts is thinner than in other parts. The 
phenomenon leads to failure to form a uniform oxide film, 
degrades film quality, and allows leak current to occur. 

TFTs in driver LSIs and related switching elements for 
the liquid crystal display are based on CG silicon (continuous 
grain silicon). CG silicon is fabricated by thermal annealing in 
which crystals collide to form angular projections. Therefore, 
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the surface of CG silicon has a complex, irregular geometry. 
Technology is being demanded which is able to form uniform 
oxide film on such a complex surface. 

Manufacture processes at low temperatures generally 
5 lead to poor reliability. For example, if TEOS oxidation (CVD), 

a popular approach in oxide film fabrication, is carried out at 
low temperature, film quality fails drastically, causing leak 
current. In short, low temperature leads to poor oxide film 
quality. Also, as mentioned above, it is difficult to form a 

10 uniform oxide film on a complex surface. 

These examples demonstrate that the prevention of the 
deterioration of oxide film performance and reliability in low 
temperature manufacturing processes is the biggest issue in 
the development of flexible liquid crystal displays and like 

15 apparatus. 

Meanwhile, improving insulating film performance is 
important in semiconductor devices, particularly in 
semiconductor integrated circuits based on MOS transistors, 
in which circuit elements are progressively scaled down for a 

20 higher degree of integration and higher density. 

In these semiconductor integrated circuits, the gate 
insulating films in MOS transistors are usually fabricated 
with a "high temperature thermal oxidation method" which 
involves heating at or above 800°C in dry oxygen, water vapor, 

25 or another oxidizing gas. 



Well known methods for oxide film fabrication other than 
the high temperature thermal oxidation method include 
chemical vapor deposition (CVD), sputter vapor deposition, 
and plasma oxidation. In CVD, an organic silane, for example, 
tetra-ethoxy-silane (TEOS), is thermally decomposed at a few 
hundred degrees Celsius so that it deposits on a substrate to 
form an oxide film. In sputter vapor deposition, an oxide is 
formed by sputter vapor deposition. In plasma oxidation, the 
substrate surface is oxidized in plasma. 

Tokukaihei 3-6826 discloses examples of anodization 
with which the substrate surface is oxidized to form an oxide 
film. Voltage is applied to a silicon substrate in an aqueous 
solution of hydrofluoric acid (electrolyte) to form a porous 
anode-reaction silicon film. The porous anode-reaction film is 
then subjected to anodization in an electrolyte in which 
silicon is anodized, for example, thick phosphoric acid. 

In contrast, the inventor has suggested the formation of 
a thin oxide film on the surface of a silicon or other 
semiconductor substrate using an oxidizing chemical solution, 
such as thick nitric acid in Tokukai 2002-64093. 

Ultrathin oxide films on the order of nanometers (nm) or 
even less is indeed fabricable after removing a natural oxide 
film from the silicon surface. It is however rather difficult to 
control the quality of the film so that it can be used as an 
insulating film in a semiconductor device, especially, to 
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obtain one with low leak current density. To ensure voltage 
tolerance, the gate insulating film (oxide film) in the thin film 
transistor (TFT) and other applications needs to be relatively 
thick: a few nanometers (nm) or even thicker. 

To form thin film transistors (TFTs) on a flexible 
substrate, for example, a polyethylene terephthalate (PET) 
substrate, for liquid crystal displays and other applications, 
the substrate needs to be kept not above 200°C. A low 
temperature manufacturing method is hence needed which 
still endows an insulating film with such high quality that it 
can be applied to TFT gate insulating films and like 
semiconductor devices. 

DISCLOSURE OF INVENTION 

The present invention is conceived in view of these 
problems and has a primary objective to provide a method of 
manufacturing a thin film transistor including a high quality 
gate insulating film with excellent insulation tolerance and 
other properties and to provide a method of utilizing the 
transistor. It is also an objective of the present invention to 
provide a method of manufacturing a thin film transistor at 
low temperature whereby an oxide film can be formed on a 
PET or like organic substrate and to provide a method of 
utilizing the transistor. 

The present invention has another objective to provide a 



method of forming, on a semiconductor surface at low 
temperature, an oxide film of high quality (e.g., low leak 
current density) with controlled thickness which can be used 
as a gate insulating film in thin film transistors (TFTs) on the 
PET or like substrate or in MOS transistors or a large scale 
integrated circuit (LSI) containing MOS transistors, and also 
to provide a method of manufacturing a semiconductor device 
including the oxide film and an apparatus for manufacturing 
the semiconductor device. 

A method of manufacturing a thin film transistor in 
accordance with the present invention ("the present 
manufacturing method") is characterized in that it is a 
method of manufacturing a thin film transistor including an 
oxide film, the method including the oxide film forming step 
of immersing a substrate in an oxidizing solution containing 
an active oxidizing species for direct oxidation of the 
substrate to form a chemical oxide film, the substrate having 
a surface on which a chemical oxide film is to be formed. 

In the present manufacturing method, the oxide film 
forming step is characterized in that the active oxidizing 
species is formed by heating the oxidizing solution or 
electrolyzing the oxidizing solution. 

The present manufacturing method is characterized in 
that in the oxide film forming step, the substrate is immersed 
in the oxidizing solution of different concentrations, and the 



concentration of the oxidizing solution is altered from a 
low-concentration oxidizing solution to a high-concentration 
oxidizing solution. 

The present manufacturing method is characterized in 
that: the low-concentration oxidizing solution has a lower 
concentration than an azeotropic concentration; and the 
high-concentration oxidizing solution has the azeotropic 
concentration. 

The present manufacturing method is characterized in 
that in the oxide film forming step, the low-concentration 
oxidizing solution is concentrated to prepare the 
high-concentration oxidizing solution. 

The present manufacturing method is characterized in 
that in the oxide film forming step, the low-concentration 
oxidizing solution is heated to prepare the high-concentration 
oxidizing solution. 

The present manufacturing method is characterized in 
that in the oxide film forming step, the oxide film is grown on 
the substrate surface by applying voltage to the substrate on 
which the oxide film is to be formed. 

The present manufacturing method is characterized in 
that the substrate on which the oxide film is to be formed 
contains, on the surface, at least one component selected 
from the group consisting of monocrystal silicon, 
polycrystalline silicon, amorphous silicon, continuous grain 



silicon, silicon carbide, and silicon germanium. 

The present manufacturing method is characterized in 
that the oxidizing solution contains: at least one solution 
selected from the group consisting of nitric acid, perchloric 
acid, sulfuric acid, ozone-dissolving water, aqueous hydrogen 
peroxide, a mixed solution of hydrochloric acid and aqueous 
hydrogen peroxide, a mixed solution of sulfuric acid and 
aqueous hydrogen peroxide, a mixed solution of aqueous 
ammonia and aqueous hydrogen peroxide, a mixed solution of 
sulfuric acid and nitric acid, aqua regia, and boiling water; a 
gas thereof; or a mixed solution thereof. 

The present manufacturing method is characterized in 
that the oxidizing solution is an azeotropic mixture. 

The present manufacturing method is characterized in 
that the oxidizing solution contains at least one solution 
selected from the group consisting of azeotropic nitric acid 
which is an azeotropic mixture with water (azeotropic 
concentration: 68%), azeotropic sulfuric acid which is an 
azeotropic mixture with water, and azeotropic perchloric acid 
which is an azeotropic mixture with water (azeotropic 
concentration: 71%). 

The present manufacturing method is characterized in 
that the oxide film forming step is carried out at 200°C or 
lower temperatures. 

The present manufacturing method is characterized in 



that the method further includes after forming the chemical 
oxide film, the step of forming an insulating film on the 
chemical oxide film. 

The present manufacturing method is characterized in 
that the oxide film forming step comprises the steps of: 
immersing the substrate in an oxidizing solution below 
azeotropic concentration to form a first oxide film; and 
concentrating the oxidizing solution below azeotropic 
concentration up to an azeotropic concentration (heating the 
solution until azeotropy is reached and maintaining the 
azeotropic concentration) with the substrate being immersed 
in that oxidizing solution to form a second oxide film on the 
first oxide film. 

The present manufacturing method is characterized in 
that the substrate on which the chemical oxide film is to be 
formed contains silicon carbide on the surface. In a case like 
this, the substrate on which the chemical oxide film is to be 
formed may contain silicon carbide. 

The present manufacturing method is characterized in 
that the oxidizing solution is nitric acid. 

The present manufacturing method is characterized in 
that the method further includes after the oxide film forming 
step, the step of subjecting the chemical oxide film(s) to 
nitriding. 

With these arrangements, the substrate on which an 



oxide film is to be formed is immersed in an oxidizing solution 
containing an active oxidizing species. The active oxidizing 
species has strong oxidation effect. When immersed in the 
solution of the species, the surface region of the substrate 
where a chemical oxide film is to be formed is directly 
oxidized by the active oxidizing species. Accordingly, a 
chemical oxide film is formed in the region. In the 
arrangement, a chemical oxide film is formed by immersing a 
substrate in an oxidizing solution in this manner. Even if the 
substrate surface is irregular or curved, the oxidizing solution 
acts uniformly on the substrate surface. The chemical oxide 
film formed is hence uniform in thickness across the entire 
region where a chemical oxide film should be formed. 

Further, with the arrangement, a chemical oxide film 
grows in a substrate direction in which the chemical oxide 
film should be formed. Therefore, the chemical oxide film is 
formed while the interface between the chemical oxide film 
and the substrate is constantly changing. The interface is 
thus cleaned. 

Therefore, high performance thin film transistors with a 
high reliability and high quality chemical oxide film can be 
manufactured. 

In a thin film transistor, the quality of the gate oxide 
film plays an important role which determines the electrical 
properties and reliability of the thin film transistor. In other 



words, in a thin film transistor, the gate oxide film, which 
needs to be completely insulating, directly impacts the 
performance (reliability and properties) of various 
apparatuses containing the TFT. The film needs to have extra 
high quality and reliability. Therefore, the oxide film forming 
step forms a high reliability and high quality gate oxide film 
which has excellent insulation tolerance and associated 
properties. The step thus allows reductions in thickness of 
the gate oxide film. The thin film transistor can be made 
thinner accordingly. 

Further, with the arrangement, the chemical oxide film 
is formed in an oxidizing solution containing an active 
oxidizing species with strong oxidation effect. Therefore, the 
chemical oxide film can be formed at, for example, 200°C or 
below. Therefore, thin film transistors can be manufactured 
which are applicable to the manufacture of a liquid crystal 
display built on a flexible substrate (for example, polyethylene 
terephthalate (PET) or another plastic). Accordingly, for 
example, a thin film plastic transistor with low threshold can 
be manufactured even on a plastic substrate. 

A thin film transistor in accordance with the present 
invention is characterized in that it is a thin film transistor 
manufactured by any one of the methods of manufacturing a 
thin film transistor and includes the chemical oxide film 
formed by oxidation in an oxidizing solution. Accordingly, The 



thin film transistor includes a high quality oxide film 
(especially, gate oxide film). The thin film transistor exhibits 
high performance. 

The thin film transistor in accordance with the present 
invention is characterized in that the chemical oxide film has 
a relatively high atomic density near the substrate. 

The thin film transistor in accordance with the present 
invention is characterized in that the chemical oxide film is a 
gate oxide film. 

A display in accordance with the present invention (the 
present display) is characterized in that it contains the thin 
film transistor mentioned above. Accordingly, for example, the 
display contains the thin film transistor as a switching 
element. The display thus shows improved switching 
properties. 

Further, it is preferable if: the present display contains 
a drive circuit driving switching elements, uses the thin film 
transistors in the drive circuit; and the switching elements 
and the thin film transistors are formed simultaneously. 

The display can be manufactured in less steps by using 
the thin film transistors in the drive circuit. 

It is preferable if the display is a matrix display. The 
"display" refers to liquid crystal displays, organic EL displays, 
flat panel displays, and various other displays which display 
images. 
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A method of modifying an oxide film in accordance with 
the present invention, which is one of an application of the 
present manufacturing method, is characterized in that the 
method includes the step of performing any one of the oxide 
film forming steps on an oxide film having a non-uniform 
thickness to improve quality of the oxide film (to make 
uniform the thickness of the oxide film having a non-uniform 
thickness). 

The method of modifying an oxide film may perform the 
oxide film forming step of any one of the claims above on an 
oxide film having non-uniform quality to improve quality of 
the oxide film (to make uniform the quality of the oxide film 
having non-uniform quality). 

With these arrangements, an oxide film with 
non-uniform thickness (or quality) is processed by the oxide 
film forming step of the present manufacturing method. 
Accordingly, the non-uniform oxide film can be oxidized in a 
solution containing an active oxidizing species to form a 
uniform chemical oxide film. Therefore, A high reliability and 
high quality chemical oxide film can be formed. 

It is preferable if the method of modifying an oxide film 
is performed on, for example, an oxide film formed by a 
conventional method (especially, CVD). In addition, since CVD 
forms the oxide film through deposition, the thickness and 
quality of the oxide film formed is not uniform. Accordingly, 



performing the oxide film forming step on such a non-uniform 
oxide film produces an uniform chemical oxide film. 
Accordingly, insulation breakdown, increases in leak current 
density, and various other properties caused by the 
non-uniformity of film thickness and quality can be improved. 
A high reliability and high quality chemical oxide film with 
excellent such properties can be formed. 

For example, CG silicon is formed by thermal annealing. 
In the formation, crystals collide to form angular projections. 
Therefore, the surface of CG silicon is highly irregular. 
Performing the method of modifying an oxide film on such a 
complex surface with irregular geometry (projections) 
produces an oxide film with uniform thickness and quality. 

Performing the method of modifying an oxide film as a 
pre-process (pre-oxidation) to modify the oxide film, followed 
by an ordinary oxide film forming step (publicly known or the 
oxide film forming step of the present invention) improves the 
thickness and quality of the chemical oxide film and produces 
a high reliability and high quality chemical oxide film. 

For example, a uniform chemical oxide film can be 
formed by performing the method on a non-uniform layer 
containing an impurity such as carbon. 

A method of forming an oxide film in accordance with 
the present invention (the present forming method), to 
address the problems, is characterized in that it includes the 



- 20 - 

steps of: bringing a semiconductor in contact with an 
oxidizing solution below azeotropic concentration or a gas 
thereof to form a first chemical oxide film on a surface of the 
semiconductor; and bringing the semiconductor on which the 
first chemical oxide film is formed in contact with an 
oxidizing solution above azeotropic concentration or a gas 
thereof to form a second chemical oxide film. 

The present forming method may be described as being 
characterized in that it includes the steps of: reacting an 
oxidizing solution of a low concentration or a gas thereof with 
a surface of a semiconductor to form a first chemical oxide 
film on the surface of the semiconductor; and reacting an 
oxidizing solution of a high concentration or a gas thereof to 
form a second chemical oxide film on the first chemical oxide 
film. 

"Form a second chemical oxide film on the first chemical 
oxide film" does not indicate that the first and second 
chemical oxide films have a layered structure. The 
terminology indicates that the films have the same 
compositions, but different atomic densities. 

In the present forming method, the second chemical 
oxide film may be thicker than the first chemical oxide film. 

It is preferable in the present forming method if the step 
of forming the first chemical oxide film and the step of 
forming the second chemical oxide film are carried out with 



the semiconductor being immersed in the oxidizing solution. 

It is preferable in the present forming method if: the 
semiconductor contains at least one component selected from 
the group consisting of monocrystal silicon, polycrystalline 
silicon, amorphous silicon, silicon carbide, and silicon 
germanium; and the first chemical oxide film and the second 
chemical oxide film are silicon oxide films. 

It is preferable in the present forming method if the 
oxidizing solution of a high concentration or a gas thereof is 
an oxidizing solution of azeotropic concentration or a gas 
thereof. 

It is preferable in the present forming method if the 
oxidizing solution or the gas thereof contains: at least one 
solution selected from the group consisting of nitric acid, 
perchloric acid, sulfuric acid, ozone-dissolving water, aqueous 
hydrogen peroxide, a mixed solution of hydrochloric acid and 
aqueous hydrogen peroxide, a mixed solution of sulfuric acid 
and aqueous hydrogen peroxide, a mixed solution of aqueous 
ammonia and aqueous hydrogen peroxide, a mixed solution of 
sulfuric acid and nitric acid, aqua regia, and boiling water; a 
gas thereof, or a mixture thereof. 

It is preferable in the present forming method if the 
oxidizing solution of a low concentration or the gas thereof 
contains: at least one solution below azeotropic concentration 
selected from the group consisting of an aqueous solution of 
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nitric acid, an aqueous solution of sulfuric acid, and an 
aqueous solution of perchloric acid; or a gas thereof, and if 
the oxidizing solution of a high concentration or the gas 
thereof contains: at least one solution of azeotropic 
concentration selected from the group; or a gas thereof. 

It is preferable if the present forming method further 
includes after forming the chemical oxide films on the surface 
of the semiconductor, the step of subjecting the chemical 
oxide films to nitriding. 

A method of manufacturing a semiconductor device in 
accordance with the present invention ("the present 
manufacturing method"), to address the problems, is 
characterized in that it includes the oxide film forming step of 
forming a chemical oxide film by one of the aforementioned 
methods of forming an oxide film. 

In other words, for example, the present manufacturing 
method is characterized in that it includes the steps of: 
reacting an oxidizing solution of a low concentration or a gas 
thereof with a surface of a semiconductor to form a first 
chemical oxide film on the surface of the semiconductor; and 
reacting an oxidizing solution of a high concentration or a gas 
thereof to form a second chemical oxide film on the first 
chemical oxide film. 

It is preferable in the present manufacturing method if: 
the oxidizing solution of a low concentration or the gas 
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thereof contains a mixture below azeotropic concentration 
selected from the group consisting of mixtures of water and at 
least one of nitric acid, perchloric acid, and sulfuric acid; and 
the oxidizing solution of a high concentration or the gas 
thereof contains a mixture above the low concentration 
selected from the group. 

It is preferable in the present manufacturing method if 
the oxidizing solution of a high concentration or the gas 
thereof contains: at least one solution or selected from the 
group consisting of azeotropic nitric acid which is an 
azeotropic mixture with water, azeotropic sulfuric acid which 
is an azeotropic mixture with water, and azeotropic perchloric 
acid which is an azeotropic mixture with water; or a gas 
thereof. 

It is preferable in the present manufacturing method if 
the semiconductor contains at least one component selected 
from the group consisting of monocrystal silicon, 
polycrystalline silicon, amorphous silicon, silicon carbide, 
and silicon germanium. 

It is preferable if the present manufacturing method 
further includes after forming the chemical oxide films on the 
surface of the semiconductor, the step of subjecting the 
chemical oxide films to nitriding. 

It is preferable if the present manufacturing method 
further includes after forming the chemical oxide films on the 
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surface of the semiconductor or after subjecting the chemical 
oxide films to nitriding, the step of forming, as a coating film, 
at least one of an oxide film made by chemical vapor 
deposition (CVD), a silicon nitride film, a high dielectric film, 
and a ferroelectric film. 

A semiconductor device in accordance with the present 
invention is characterized in that it is manufactured by any 
one of the methods of manufacturing a semiconductor device 
above and includes the chemical oxide film formed by 
oxidation of the semiconductor in the oxidizing solution. 

An apparatus for manufacturing a semiconductor device 
in accordance with the present invention, to address the 
problems, is characterized in that it has: a function of 
reacting an oxidizing solution of a low concentration or a gas 
thereof with a surface of a semiconductor to form a first 
chemical oxide film on the surface of the semiconductor; and 
a function of reacting an oxidizing solution of a high 
concentration or a gas thereof to form a second chemical 
oxide film on the first chemical oxide film. 

In other words, the present manufacturing apparatus is 
an apparatus for manufacturing a semiconductor device 
characterized in that it has an oxide film forming section for 
forming a chemical oxide film on a surface of a semiconductor, 
wherein the oxide film forming section has a function of 
forming the chemical oxide film on the surface of the 



semiconductor by any one of the methods of forming an oxide 
film above (the present forming methods) or any one of the 
methods of manufacturing a semiconductor device above (the 
present manufacturing methods). 

According to any one of the methods and arrangements 
above, a first chemical oxide film is formed on a 
semiconductor surface using an oxidizing solution of a low 
concentration (preferably, below azeotropic concentration) or 
a gas thereof. Thereafter, a second chemical oxide film is 
formed using an oxidizing solution of a higher concentration 
(preferably, of azeotropic concentration) or a gas thereof. The 
density of the first chemical oxide film is low. This 
presumably acts like oxidation catalyst, enabling the 
formation of the second chemical oxide film. The oxidation 
using the high-concentration oxidizing solution or a gas 
thereof increases the density of the oxide film. Accordingly, 
the ultimately resultant the oxide film made up of the first 
chemical oxide film and the second chemical oxide film is a 
high quality oxide film with low leak current density and 
other properties. In addition, it is possible to form an oxide 
film at low temperature (for example, 200°C or below). 
Adjusting the concentration of the oxidizing solution of a high 
concentration or a gas thereof facilitates thickness control for 
the second chemical oxide film too. 

As described above, by forming the first chemical oxide 
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film and the second chemical oxide film one by one, lowering 
the atomic density of the first chemical oxide film, and 
making the second chemical oxide film thicker than the first 
chemical oxide film, a high quality chemical oxide film with a 
desired thickness can be formed at low temperature and 
uniformly across the semiconductor surface. In other words, 
the film quality of the chemical oxide film is improved. A high 
quality chemical oxide film can be formed with low leak 
current density. Further, a high performance semiconductor 
device can be provided which contains such a high quality 
chemical oxide film. 

As described in the foregoing, according to a method of 
forming an oxide film in accordance with the present 
invention, the second chemical oxide film is formed after the 
first chemical oxide film is formed on the semiconductor. 
Therefore, the above-mentioned high quality chemical oxide 
film can be formed as a coating film up to a desired large 
thickness at low temperature, by the inclusion of the step of 
reacting an oxidizing solution of a low concentration or a gas 
thereof with the surface of the semiconductor to form the first 
chemical oxide film on the semiconductor surface and the 
step of reacting an oxidizing solution of a high concentration 
or a gas thereof to form the second chemical oxide film on the 
first chemical oxide film. 

According to a method of manufacturing a 
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semiconductor device in accordance with the present 
invention, the second chemical oxide film is formed after the 
first chemical oxide film is formed on the semiconductor. 
Therefore, a semiconductor device can be manufactured which 
includes a coating film with a predetermined large thickness 
containing the first chemical oxide film, by inclusion of the 
step of reacting an oxidizing solution of a low concentration 
or a gas thereof on the surface of the semiconductor to form 
the first chemical oxide film on the semiconductor surface 
and the step of reacting an oxidizing solution of a high 
concentration or a gas thereof on the first chemical oxide film 
to form the second chemical oxide film. 

According to an apparatus for manufacturing a 
semiconductor device in accordance with the present 
invention, the second chemical oxide film is formed after the 
first chemical oxide film is formed on the semiconductor. 
Therefore, an insulating film which is a coating film with a 
predetermined large thickness containing the first chemical 
oxide film can be formed on a base including the 
semiconductor, and a high performance semiconductor device 
with stable properties can be manufactured, by the inclusion 
of a function of reacting an oxidizing solution of a low 
concentration or a gas thereof on the surface of the 
semiconductor to form the first chemical oxide film on the 
semiconductor surface and a function of reacting an oxidizing 
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solution of a high concentration or a gas thereof to form the 
second chemical oxide film on the first chemical oxide film. 

Incidentally, the present invention may be depicted as 
follows: 

[1] A method of forming an oxide film in accordance with 
the present invention is characterized in that it includes the 
steps of: reacting an oxidizing solution of a low concentration 
or a gas thereof (oxidizing gas) on a surface of a 
semiconductor to form a first chemical oxide film on the 
surface of the semiconductor; and reacting an oxidizing 
solution of a high concentration or a gas thereof to form a 
second chemical oxide film on the first chemical oxide film. 

[2] The method of forming an oxide film in accordance 
with the present invention, in the method of forming an oxide 
film described in [1], is characterized in that the 
semiconductor contains at least one component selected from 
the group consisting of monocrystal silicon, polycrystalline 
silicon, amorphous silicon, silicon carbide, and silicon 
germanium and that the chemical oxide films are primarily 
made of silicon oxide films. 

[3] The method of forming an oxide film in accordance 
with the present invention, in the method of forming an oxide 
film described in [1], is characterized in that: the oxidizing 
solution of a low concentration or the gas thereof contains: at 
least one solution below azeotropic concentration selected 
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from the group consisting of an aqueous solution of nitric 
acid, an aqueous solution of sulfuric acid, and an aqueous 
solution of perchloric acid; or a gas thereof; and the oxidizing 
solution of a high concentration or the gas thereof contains: 
at least one solution of azeotropic concentration selected from 
the group; or a gas thereof. 

[4] The method of forming an oxide film in accordance 
with the present invention, in the method of forming an oxide 
film described in any one of [1] to [4], is characterized in that 
the method includes after forming the chemical oxide films on 
the surface of the semiconductor, the step of subjecting the 
chemical oxide films to nitriding. 

[5] A method of manufacturing a semiconductor device in 
accordance with the present invention is characterized in that 
it includes the steps of: reacting an oxidizing solution of a low 
concentration or a gas thereof on a surface of a 
semiconductor to form a first chemical oxide film on the 
surface of the semiconductor; and reacting an oxidizing 
solution of a high concentration or a gas thereof to form a 
second chemical oxide film on the first chemical oxide film. 

[6] The method of manufacturing a semiconductor device 
in accordance with the present invention, in the method of 
manufacturing a semiconductor device described in [5], is 
characterized in that: the oxidizing solution of a low 
concentration or the gas thereof contains a mixture below 
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azeotropic concentration selected from the group consisting of 
mixtures of water and at least one of nitric acid, perchloric 
acid, and sulfuric acid; and the oxidizing solution of a high 
concentration or the gas thereof contains a mixture above the 
low concentration selected from the group. 

[7] The method of manufacturing a semiconductor device 
in accordance with the present invention, in the method of 
manufacturing a semiconductor device in any one of [5] and 
[6], is characterized in that the oxidizing solution of a high 
concentration or the oxidizing gas contains at least one 
solution selected from the group consisting of azeotropic 
nitric acid which is an azeotropic mixture with water, 
azeotropic sulfuric acid which is an azeotropic mixture with 
water, and azeotropic perchloric acid which is an azeotropic 
mixture with water; or a gas thereof. 

[8] The method of manufacturing a semiconductor device 
in accordance with the present invention, in the method of 
manufacturing a semiconductor device described in any one 
of [5] to [7], is characterized in that the semiconductor 
contains at least one component selected from the group 
consisting of monocrystal silicon, polycrystalline silicon, 
amorphous silicon, silicon carbide, and silicon germanium. 

[9] The method of manufacturing a semiconductor device 
in accordance with the present invention, in the method of 
manufacturing a semiconductor device described in any one 



of [5] to [8], is characterized in that the method further 
includes after forming the chemical oxide films on the surface 
of the semiconductor, the step of subjecting the chemical 
oxide films to nitriding. 

[10] The method of manufacturing a semiconductor 
device in accordance with the present invention, in the 
method of manufacturing a semiconductor device described 
any one of [5] to [9], is characterized in that after forming the 
chemical oxide films on the surface of the semiconductor or 
after subjecting the chemical oxide films to nitriding, the step 
of forming, as a coating film, at least one of an oxide film 
made by chemical vapor deposition (CVD), a silicon nitride 
film, a high dielectric film, and a ferroelectric film. 

[11] An apparatus for manufacturing a semiconductor 
device in accordance with the present invention is 
characterized in that it has: a function of reacting an 
oxidizing solution of a low concentration or a gas thereof on a 
surface of a semiconductor to form a first chemical oxide film 
on a surface of a semiconductor; and a function of reacting an 
oxidizing solution of a high concentration or a gas thereof to 
form a second chemical oxide film on the first chemical oxide 
film. 

According to the above-mentioned method of forming an 
oxide film in accordance with the present invention, the high 
quality chemical oxide film can be formed as a coating film up 
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to a desired large thickness at low temperature, by the 
inclusion of the step of reacting an oxidizing solution of a low 
concentration or a gas thereof on a surface of a 
semiconductor to form a first chemical oxide film on the 
surface of the semiconductor; and the step of reacting an 
oxidizing solution of a high concentration or a gas thereof to 
form a second chemical oxide film on the first chemical oxide 
film. 

Accordingly to the method of manufacturing a 
semiconductor device in accordance with the present 
invention, a semiconductor device can be manufactured which 
includes a coating film with a predetermined large thickness 
containing the first chemical oxide film, by the inclusion of 
the step of reacting an oxidizing solution of a low 
concentration or a gas thereof on a surface of a 
semiconductor to form a first chemical oxide film on the 
surface of the semiconductor and the step of reacting an 
oxidizing solution of a high concentration or a gas thereof to 
form a second chemical oxide film on the first chemical oxide 
film. 

According to the apparatus for manufacturing a 
semiconductor device in accordance with the present 
invention, an insulating film which is a coating film with a 
predetermined large thickness containing the first chemical 
oxide film can be formed on a base including the 
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semiconductor, and a high performance semiconductor device 
with stable properties can be manufactured, by the inclusion 
of a function of reacting an oxidizing solution of a low 
concentration or a gas thereof on a surface of a 
semiconductor to form a first chemical oxide film on the 
surface of the semiconductor; and a function of reacting an 
oxidizing solution of a high concentration or a gas thereof to 
form a second chemical oxide film on the first chemical oxide 
film. 

Additional objects, advantages and novel features of the 
invention will be set forth in part in the description which 
follows, and in part will become apparent to those skilled in 
the art upon examination of the following or may be learned 
by practice of the invention. 

BRIEF DESCRIPTION OF DRAWINGS 

Figure 1 is a cross-sectional view of a thin film 
transistor in accordance with an embodiment of the present 
invention. 

Figure 2(a) is a cross-sectional view illustrating a 
manufacturing step for the thin film transistor in Figure 1. 

Figure 2(b) is a cross-sectional view illustrating a 
manufacturing step for the thin film transistor in Figure 1. 

Figure 2(c) is a cross-sectional view illustrating a 
manufacturing step for the thin film transistor in Figure 1. 
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Figure 2(d) is a cross-sectional view illustrating a 
manufacturing step for the thin film transistor in Figure 1. 

Figure 2(e) is a cross-sectional view illustrating a 
manufacturing step for the thin film transistor in Figure 1. 

Figure 2(f) is a cross-sectional view illustrating a 
manufacturing step for the thin film transistor in Figure 1. 

Figure 3 is a representation of the capacitance (C) vs. 
voltage (V) property of a thin film transistor manufactured by 
2-stage oxidation. 

Figure 4 is a representation of XPS spectrum for a gate 
oxide film (Si02 film) in a thin film transistor manufactured 
by 2-stage oxidation. 

Figure 5 is a representation of the I-V property of a thin 
film transistor containing a Si02 film as a gate oxide film 
manufactured by 2-stage oxidation. 

Figure 6 is a representation of the C-V property of a thin 
film transistor manufactured by 2-stage oxidation. 

Figure 7 is a representation of the C-V property of a thin 
film transistor manufactured by 2-stage oxidation. 

Figure 8 is a representation of the growth in film 
thickness vs. time property of a gate oxide film (SiC>2 film) in a 
thin film transistor manufactured by 2-stage oxidation. 

Figure 9 is a schematic cross-sectional view of a major 
part of a manufacturing apparatus used in a 2-stage 
oxidation scheme. 



Figure 10 is a schematic cross-sectional view of the 
structure of a major part of a manufacturing apparatus used 
in a voltage application scheme in accordance with an 
embodiment of the present invention. 

Figure 11 is a graphical representation of the 
relationship between capacitance (C) and voltage (V) in a thin 
film transistor manufactured by a voltage application scheme. 

Figure 12 is a graphical representation of the 
relationship between growth in film thickness and time for a 
gate oxide film (Si02 film) in a thin film transistor 
manufactured by a voltage application scheme. 

Figure 13 is a graphical representation of the 
relationship between current and voltage in a thin film 
transistor manufactured by a voltage application scheme. 

Figure 14 is a graphical representation of the correlation 
between leak current density and Si02 film thickness in a 
thin film transistor manufactured by a voltage application 
scheme. 

Figure 15 is a graphical representation of the 
relationship between current and voltage and the relationship 
between capacitance and voltage, in a thin film transistor 
manufactured by a voltage application scheme. 

Figure 16 is a graphical representation of the 
relationship between current and voltage in the thin film 
transistor in Figure 15 in which an electrode is formed after 
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heating the gate oxide film at 200°C. 

Figure 17 is a graphical representation of the 
relationship between capacitance and voltage in the thin film 
transistor in Figure 6. 

Figure 18 is a graphical representation of the 
relationship between capacitance and voltage in the thin film 
transistor in Figure 15 in which an electrode is formed after 
heating the gate oxide film at 600°C. 

Figure 19 is a graphical representation of the 
relationship between current and voltage in the thin film 
transistor in Figure 8. 

Figure 20 is a cross-sectional view of another thin film 
transistor in accordance with an embodiment of the present 
invention. 

Figure 21 is a schematic cross-sectional view of a major 
part of a manufacturing apparatus used in accordance with 
an embodiment of the present invention. 

Figure 22(a) is a cross-sectional flow view of a MOS 
capacitor manufacturing step in accordance with an 
embodiment of the present invention. 

Figure 22(b) is a cross-sectional flow view of a MOS 
capacitor manufacturing step in accordance with an 
embodiment of the present invention. 

Figure 22(c) is a cross-sectional flow view of a MOS 
capacitor manufacturing step in accordance with an 
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embodiment of the present invention. 

Figure 22(d) is a cross-sectional flow view of a MOS 
capacitor manufacturing step in accordance with an 
embodiment of the present invention. 
5 Figure 22(e) is a cross-sectional flow view of a MOS 

capacitor manufacturing step in accordance with an 
embodiment of the present invention. 

Figure 22(f) is a cross-sectional flow view of a MOS 
capacitor manufacturing step in accordance with an 
10 embodiment of the present invention. 

Figure 23 is a representation of the capacitance (C) vs. 
voltage (V) property of a MOS capacitor obtained in 
accordance with an embodiment of the present invention. 

Figure 24 is a representation of XPS spectrum for a Si02 

15 film. 

Figure 25 is a representation of the I-V property of a 
MOS-structure diode containing a Si02 film. 

Figure 26 is a representation of the C-V property of a 
MOS-structure diode. 
20 Figure 27 is a representation of the C-V property of a 

MOS-structure diode. 

Figure 28 is a representation of the growth in film 
thickness vs. time property of a Si02 film. 

Figure 29 is a graphical representation of the 
25 relationship between oxidation time and film thickness of a 
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gate oxide film (SiC>2 film) in a thin film transistor 
manufactured by continuous oxidation. 

Figure 30 is a representation of XPS spectrum for a gate 
oxide film (Si02 film) in a thin film transistor manufactured 
by continuous oxidation or non-continuous oxidation. 

BEST MODE FOR CARRYING OUT INVENTION 

The following will describe in detail the present 
invention by way of embodiments in reference to figures. 

Embodiment 1 

The following will describe an embodiment of the present 
invention in reference to Figure 1 to Figure 20. This is by no 
means limiting thee present invention. 

The following will describe, as an example, thin film 
transistors (TFTs) for use in flexible liquid crystal displays 
and integrated circuits as an embodiment of the present 
invention. The method of manufacturing a thin film transistor 
in accordance with the present invention ("the present 
manufacturing method") is a method of forming a high quality, 
uniform oxide film whereby a substrate on which a gate oxide 
film (chemical oxide film) is to be formed is immersed in a 
solution containing an active oxidizing species to directly 
oxidize the substrate surface. 

First, problems in the manufacture of TFTs for use in 
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flexible liquid crystal displays and ICs will be described. 

To manufacture a flexible liquid crystal display, etc., 
TFTs need to be formed on an organic (e.g., PET) substrate. 
The melting points of these organic substrates are low, no 
higher than 200°C. Therefore, to manufacture a flexible liquid 
crystal display, etc., the TFTs must be formed at low 
temperature (200°C or lower). 

The gate oxide film is important in TFTs: its impact on 
the performance of various devices built around the TFTs is 
great. Conventionally, the gate oxide film was formed by 
deposition (CVD). In addition, attempts have been made to 
lower the temperature required in CVD. Currently, the lowest 
temperature CVD is to add ozone to tetra-ethoxy-silane 
(TEOS). In this method, an oxide film can be formed at 300°C 
to 400°C. Therefore, CVD cannot form a TFT at a temperature 
as low as 200°C or even lower. 

In addition, in the TFT, a relatively high voltage is 
applied to the gate electrode. Therefore, the gate oxide film 
needs to be completely insulating. The substrate surface on 
which the gate oxide film is formed is irregular (not planar) 
because it has various fine patterns formed thereon, As 
described above, in CVD, the gate oxide film is formed by 
deposition. Therefore, if a gate oxide film is formed on an 
irregular substrate by CVD, the deposited oxide film is also 
irregular. As a result, the resultant gate oxide film is 
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non-uniform. Therefore, the gate oxide film formed may not be 
completely insulating, which could increase leak current 
density. In other words, the gate oxide film formed by CVD 
has poor quality and reliability. 

This requires the gate oxide film in a TFT made by 
conventional CVD to have a sufficient thickness so as to 
prevent insulation breakdown and secure complete insulation. 
To manufacture, for example, a sheet-like liquid crystal 
display as a flexible liquid crystal display, the TFT needs to 
be thinned down. To achieve this, the gate oxide film needs to 
be thinned down. 

If the current gate oxide film formed by CVD is thinned 
down, however, complete insulation cannot be secured. 
Therefore, it is impossible to thin down the gate oxide film 
formed by CVD. 

As described above, CVD cannot form a gate oxide film 
at a temperature as low as 200°C or lower, let alone a high 
quality gate oxide film. 

Therefore, what matters in the manufacture of a flexible 
liquid crystal display, etc. is the development of a method in 
which a uniform, high quality gate oxide film can be formed at 
low temperature. 

To manufacture such TFTs, the method of manufacturing 
a thin film transistor in accordance with the present 
invention ("the present manufacturing method") form a high 



quality oxide film uniformly at temperatures as low as 200°C 
or even lower, by immersing a substrate on which a gate oxide 
film (chemical oxide film) is to be formed in an oxidizing 
solution containing an active oxidizing species so as to 
directly oxidize the substrate. In other words, the thin film 
transistor in accordance with the present invention contains a 
high quality oxide film and exhibits high performance. 

Next, the TFT in accordance with the present invention 
will be described in terms of its structure. 

As shown in Figure 1, a thin film transistor 1 of the 
present embodiment has a staggered structure. In the 
transistor 1, a source electrode 6, a drain electrode 7, and a 
semiconductor layer 5 connected to the electrodes 6, 7 are 
formed on a process-target substrate 2. A gate electrode 3 is 
formed on the layer 5 with a gate oxide film 4 intervening 
therebetween. When the thin film transistor 1 is used in a 
display, for example, the gate electrode 3 is formed on the 
gate oxide film 4 so that the electrode 3 connects to the drain 
electrode 7. The thin film transistor 1 has the semiconductor 
layer 5, the source electrode 6, and a protection film 9 
covering the layer 5 and the electrode 6. 

In the thin film transistor 1, the semiconductor layer 5 
connects the source electrode 6 to the drain electrode 7 so 
that current can flow between the electrodes 6, 7. Therefore, 
it is important to make the interface between the 
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semiconductor layer 5 and the gate oxide film 4 clean. 

The thin film transistor 1 is characterized in that the 
gate oxide film 4 is made of chemical oxide films which are 
formed from the semiconductor layer 5 through direct 
oxidation thereof. A chemical oxide film is formed on the gate 
oxide film 4, for example, in the direction of the 
semiconductor layer 5 as in the example manufacturing 
(detailed later). Therefore, the interface between the 
semiconductor layer 5 and the gate oxide film 4 is always 
clean. The gate oxide film 4 is uniformly formed irrespective 
of the surface state of the semiconductor layer 5, and as such 
possesses high reliability and high quality. 

The gate oxide film 4 is composed of a first oxide film 
(first chemical oxide film) 4a and a second oxide film (second 
chemical oxide film). The formation of the gate oxide film 4 
will be detailed later. The gate oxide film 4 is made of an 
oxide which is the material of the semiconductor layer 5 
having been oxidized. In other words, normally, the first oxide 
film 4a and the second oxide film 4b have an identical 
composition; no distinction can be made between the 
insulating films. Here, for convenience in description, the 
first oxide film 4a is distinguished from the second oxide film 
4b. Note however that the first oxide film 4a and the second 
oxide film 4b are formed in oxidizing solutions of different 
concentrations and as such have different atomic densities 
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(detailed later). As described above, the gate oxide film 4 has 
a consistent composition, but variable atomic density. In 
other words, the gate oxide film 4 contains the first oxide film 
4a with a relatively low atomic density and the second oxide 
film 4b with a relatively high atomic density. The second 
oxide film 4b with a relatively high atomic density is formed 
closer to the process-target substrate 2. The second oxide film 
4b is laminated on the semiconductor layer 5 to form an 
interface to the semiconductor layer 5. 

The semiconductor layer 5 preferably contains silicon, 
such as monocrystal silicon, polycrystalline silicon, 
amorphous silicon, continuous grain silicon, silicon carbide, 
or silicon germanium. 

Especially, with polycrystalline silicon TFTs in which the 
semiconductor layer 5 is made of polycrystalline silicon, 
driver and other peripheral circuits can be integrated on the 
process-target substrate 2. Therefore, the semiconductor 
layer 5 is preferably made of polycrystalline silicon. 

Now, a manufacturing method for the thin film 
transistor 1 thus structured will be described in reference to 
the manufacturing step drawings in Figure 2. In the following, 
a manufacturing method for a polycrystalline silicon TFT in 
which the semiconductor layer 5 in the thin film transistor 1 
is polycrystalline silicon will be described. The present 
manufacturing method has features in the step of forming the 
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gate oxide film 4 (oxide film forming step; see Figures 2(c) and 
2(d)). 

First, ITO (Indium Tin Oxide) and other films are formed 
on the process-target substrate 2 by sputtering. The ITO film 
is subjected to photolithography and wet etched in an etching 
solution (hydrochloric acid + nitric acid) to form the source 
electrode 6, the drain electrode 7, and a pixel electrode 8 
simultaneously. See Figure 2(a). The process-target substrate 
2 only needs to be insulating; the substrate 2 may be a glass 
substrate, quartz, or a silicon substrate, as well as a flexible 
plastic substrate. 

Subsequently, poly crystalline silicon (semiconductor 
material) 51 is deposited by CVD. See Figure 2(b). If natural 
oxide film has formed on the surface of the deposited 
polycrystalline silicon 51, it is preferable to wash with a 
well-known RCA washing method, in other words, in an 
aqueous solution of primarily ammonia and hydrogen 
peroxide, and subsequently immerse in a dilute solution of 
hydrofluoric acid (concentration: 0.5% in volume ratio, or 
vol.) for about 5 minutes. The wash and immersion completely 
removes the natural oxide film, making the polycrystalline 
silicon surface clean. The quality of subsequent chemical 
oxide films will also improve. 

Next, the process-target substrate 2 on which 
polycrystalline silicon has been deposited is immersed in an 
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oxidizing solution. In this step, the polycrystalline silicon is 
directly oxidized using an oxidizing species generated from 
the oxidizing solution to form a thin silicon dioxide film 41. 
See Figure 2(c). In a case like this, the process-target 
substrate 2 on which polycrystalline silicon has been 
deposited is the substrate on which chemical oxide films are 
to be formed. Direct oxidation refers, for example, to the 
oxidation of the polycrystalline silicon 51 per se using an 
oxidizing species of the oxidizing solution to form a chemical 
oxide film. Unlike CVD, direct oxidation does not form an 
oxide film through deposition. 

Subsequently, the polycrystalline silicon 51 is oxidized 
using an oxidizing species so that the silicon dioxide film 42 
can grow toward the process-target substrate 2. See Figure 
2(d). In Figure 2(d), different numerals are assigned to the 
silicon dioxide film 41, which is formed first, and the silicon 
dioxide film 42, which is grown, to distinguish between the 
two. 

Subsequently, a film of a gate electrode material, which 
will be the gate electrode 3, is formed by sputtering. On that 
film, a resist is formed in a gate pattern by photolithography. 
Thereafter, the resist is patterned to the gate electrode 3, the 
gate insulating film 4, and the semiconductor film 5. See 
Figure 2(e). The gate electrode material is, for example, 
polycrystalline silicon, amorphous silicon, continuous grain 
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silicon (CG silicon), or a metal (Al, Ti, Ta, etc.). 

Finally, a silicon nitride thin film is formed by P-CVD. 
Those portions of the silicon nitride thin film which sit over 
the pixel electrode 8 and a terminal pad (not shown) are 
removed by photolithography and dry etching to form the 
protection film 9, which completes the fabrication of the thin 
film transistor 1. See Figure 2(f). 

In this manufacturing method, the gate oxide film 4 is 
formed by immersing the process-target substrate 2 in an 
oxidizing solution. Therefore, even if the substrate has an 
irregular or curved surface, the oxidizing solution can reach 
the substrate surface uniformly. Accordingly, the formed 
silicon dioxide films 41, 42 are uniform in thickness across 
all the regions in which the silicon dioxide films 41, 42 are to 
be formed. Further, the silicon dioxide film 42 grows toward 
the process-target substrate 2. Therefore, the interface 
between the silicon dioxide film 42 and the polycrystalline 
silicon 51 (gate oxide film 4 and semiconductor layer 5) can 
be cleaned by forming the chemical oxide film while the 
interface is constantly changing. The interface between the 
gate oxide film 4 and the semiconductor layer 5 has its 
properties improved. Therefore, the gate oxide film 4 exhibits 
excellent insulation tolerance and other properties, is highly 
reliable, and has high quality. Thus, the gate oxide film 4 can 
be thinned down, and so can the thin film transistor 1. 
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Further, the manufacturing method is capable of 
fabricating a high quality gate oxide film 4 at temperatures as 
low as 200°C or even lower. In addition, the chemical oxide 
films can be formed simply by immersing the process-target 
substrate 2 in an oxidizing solution. Therefore, there is no 
need for a vacuum machine or any large scale equipment as 
with CVD. 

As described in the foregoing, in the present 
manufacturing method, the oxide film forming step forms the 
gate oxide film 4 with uniform thickness across all the regions 
in which the gate oxide film 4 is to be formed. Therefore, the 
gate oxide film 4 is high reliable and has high quality. Also, 
the oxide film forming step can be carried out at temperatures 
as low as 200°C or even lower. Therefore, thin film plastic 
transistors with low threshold can be fabricated on a plastic 
substrate. Further, the thin film transistor 1 boasts high 
performance and high reliability because the gate oxide film 4 
has a uniform thickness and high quality. 

Apart from the correctly staggered thin film transistor 1 
shown in Figure 1, the present thin film transistor may be 
arranged, for example, like the thin film transistor 1' shown 
in Figure 20. The thin film transistor 1' is another staggered 
(correctly staggered) thin film transistor. In the thin film 
transistor 1 in Figure 1, the source electrode 6 and the drain 
electrode 7 are formed on the process-target substrate 2. In 
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contrast, in the thin film transistor 1' in Figure 20, the 
electrodes 6, 7 are formed on an insulating film 17 which 
separates the device. The electrodes 6, 7 are formed at 
positions at a distance from the semiconductor layer 5. 
Although not shown in Figure 1, impurity-doped regions of 
the semiconductor, that is, the source region 16 and the gate 
region 18 (for example, n + polycrystalline silicon, or n + p-Si), 
are shown in Figure 20 on either end of the semiconductor 
layer 5. In addition, in the thin film transistor 1', the gate 
insulating film 4 between the semiconductor layer 5 and the 
gate electrode 3 is the only high performance chemical oxide 
film prepared by direct oxidation of the semiconductor layer 5. 
On the gate insulating film 4 is there provided a Si02 film 19 
deposited by CVD or a like method. Conventionally, those 
portions of the gate oxide film 4 and the Si02 deposited film 
19 are formed by CVD. The gate oxide film 4 therefore has low 
quality and reliability. In contrast, as is the case with the 
thin film transistor 1', the gate oxide film 4 has improved 
quality and reliability when the gate oxide film 4 is a chemical 
oxide film prepared by direct oxidation illustrated in Figure 
2(c) and Figure 2(d). 

In addition, the staggered thin film transistor was 
described in the foregoing. The description holds true with a 
reverse staggered type. 

Next, the fabrication of the gate oxide film 4 (oxide film 



forming step; see Figure 2(c) and Figure 2(d)), which is the 
feature of the present manufacturing method, will be 
described in detail. 

In the present manufacturing method, the oxide film 
forming step may be implemented in two ways. 

One of them is to form the gate oxide film in two stages 
(2-stage oxidation scheme). 

The other is to form the gate oxide film through voltage 
application (voltage application scheme). 

The scheme will be described next. 

2-stage oxidation scheme 

The 2-stage oxidation scheme first forms the first oxide 
film 4a (step 1) and then the second oxide film 4b (step 2), by 
immersing the process-target substrate 2 on which the gate 
oxide film 4 is to be formed, in a solution containing active 
oxidizing species of different concentrations. The gate 
insulating films are formed in stages. 

The 2-stage oxidation scheme can be carried out, for 
example, by the apparatus shown in Figure 9. Figure 9 is a 
schematic cross-sectional view of an apparatus which 
implements the 2-stage oxidation scheme. The schematic 
figure shows the apparatus which fabricates a silicon dioxide 
film as a chemical oxide film on a silicon substrate 10 which 
acts as the process-target substrate 2. The process-target 
silicon substrate 10 (process-target substrate 2 in Figure 2) is 
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immersed in a low-concentration oxidizing solution 30 in a 
first processing container 20 in order to form the first oxide 
film 40 (an equivalent to the first oxide film 4a in Figure 1 
and Figure 2(f)) on the surface of the silicon substrate 10. 
After that, the process-target silicon substrate 10 on which 
the first oxide film 40 has been formed is immersed in an 
oxidizing solution of a high concentration (high-concentration 
oxidizing solution) 60 in the second processing container 50 
in order to form the second oxide film (not shown in Figure 9; 
indicated by "4b" in Figure 1) in the first oxide film 40. This 
completes the formation of the silicon dioxide film 70 
(equivalent to the gate insulating film 4 in Figure 1) by the 
2-stage oxidation scheme. In other words, the manufacturing 
apparatus is a part of an oxide film forming section which 
performs the oxide film forming step by the 2-stage oxidation 
scheme which will be detailed below. 

Step 1 of the 2-stage oxidation scheme immerses a 
silicon substrate as the process-target substrate 2 on which 
the gate oxide film 4 is to be formed (Figure 1 and Figure 2) in 
a solution containing a relatively low-concentration oxidizing 
solution in order to form the first, porous (low atomic density) 
oxide film 4a. 

In contrast, step 2 immerses the silicon substrate on 
which the first oxide film 4a has been formed in a solution 
containing an active oxidizing species of a higher 



concentration than in step 1 (high-concentration oxidizing 
solution) in order to form the second, thicker oxide film 4b 
than the first oxide film 4a. 

Immersing the process-target substrate 2 in oxidizing 
solutions of different concentrations (in the order of low 
concentration to high concentration) as described above first 
forms the first, porous (low atomic density) oxide film 4a 
through oxidation in the oxidizing solution of a low 
concentration. Subsequently, in oxidation in the oxidizing 
solution of a high concentration, the catalytic action of the 
first, porous oxide film 4a accelerates the formation of the 
second oxide film 4. Hence, the resultant gate oxide film 4 is 
uniform. 

In the oxide film forming step of the 2-stage oxidation 
scheme, it is preferable if the concentration of the 
low-concentration oxidizing solution is below azeotropic 
concentration, and the concentration of the 
high-concentration oxidizing solution is equal to azeotropic 
concentration. At azeotropic concentration, the composition of 
the solution does not change. Therefore, the first, porous 
oxide film 4a is formed in the low-concentration oxidizing 
solution whose concentration is below azeotropic 
concentration. After that, the second oxide film 4b is formed 
in the high-concentration oxidizing solution whose 
concentration is equal to azeotropic concentration, to form 
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the uniform gate insulating film 4. 

In the oxide film forming step of the 2-stage oxidation 
scheme, the low-concentration oxidizing solution may be 
heated to prepare the high-concentration oxidizing solution. 
In the Figure 3 arrangement, the first processing container 20 
and the second processing container 50 are provided for the 
low-concentration oxidizing solution 30 and the 
high-concentration oxidizing solution 60 respectively. In 
contrast, if the low-concentration oxidizing solution 30 is 
heated until the solution 30 reaches the concentration of the 
high-concentration oxidizing solution 60, the second 
processing container 50 is no longer needed. This 
arrangement simplifies the arrangement of the oxide film 
forming section which performs the oxide film forming step of 
the 2-stage oxidation scheme. 

Now, the 2-stage oxidation scheme will be described in 
more detail by means of concrete examples. In the 2-stage 
oxidation scheme, after the step in Figure 2(b), the 
process-target substrate 2 (silicon substrate 10) is rinsed 
(washed) in ultrapure water for 5 minutes. Then, the 
process-target substrate 2 is immersed in the 
low-concentration oxidizing solution 30 in the first processing 
container 20 as shown in Figure 9. This process forms the 
silicon dioxide film 41 (first oxide film, or first chemical oxide 
film) as shown in Figure 2(c). The substrate 2 is immersed for 
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10 minutes. Cleaning the surface of the process-target 
substrate 2 followed by immersion in the low-concentration 
oxidizing solution 3 for 10 minutes as described above forms 
the silicon dioxide film 41 shown in Figure 2(c). The silicon 
dioxide film 41 is a chemical oxide film formed by the 
oxidation of the polycrystalline silicon 51 using the oxidizing 
species. 

The low-concentration oxidizing solution 3 is a solution 
of a low concentration, but with strong oxidation effect 
(oxidizing solution). Here, the oxidizing solution is a 40% (in 
weight ratio, or "wt,") aqueous solution of nitric acid. The 
thickness of the first oxide film 4a is 1.1 nm. 

Subsequently, in Figure 2(d), the process-target 
substrate 2 on which the silicon dioxide film 41 has been 
formed in the Figure 2(c) step is placed in the second 
processing layer 50 shown in Figure 9 filled with the 
high-concentration oxidizing solution 60. The oxidation 
reaction of the polycrystalline silicon 51 proceeds further to 
form the silicon dioxide film 42 as shown in Figure 2(d). That 
is, with the progress of the oxidation reaction, a new interface 
is constantly formed between the polycrystalline silicon 51 
and the silicon dioxide film 42. In other words, the interface 
between the silicon dioxide film 42 and the polycrystalline 
silicon 51 is always clean. These silicon dioxide films 41, 42 
will be the first oxide film 4a and the second oxide film 4b, 
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finally providing the gate oxide film 4. In other words, for 
descriptive purposes, the silicon dioxide films 41, 42 can be 
said to be made of the first oxide film 4a and the second oxide 
film 4b. Actually, however, since both films are made of 
silicon dioxide formed by oxidation of the polycrystalline 
silicon 51, the films form a silicon dioxide film (gate oxide 
film 4) of a single continuous iayer. Here, the substrate 2 is 
immersed for 10 minutes. As described above, the 
process-target substrate 2 on which the first oxide film 4a 
has been formed is immersed in the high-concentration 
oxidizing solution 6 for 10 minutes to form the silicon dioxide 
films 41, 42 shown in Figure 2(d) uniformly. The silicon 
dioxide films 41, 42 have a combined thickness of 10 nm. 

The high-concentration oxidizing solution 6 is a solution 
of a low concentration, but with strong oxidation effect 
(oxidizing solution). Here, the high-concentration oxidizing 
solution is azeotropic nitric acid of 68% (wt.) concentration. 

Subsequently, predetermined wash and dry steps are 
carried out. After that, a film of a gate electrode material is 
formed on the silicon dioxide film 41. As the gate electrode 
material, an aluminum alloy containing 1 wt.% silicon is 
deposited to about 200 nm by well-known resistance heating 
vapor deposition (hereinafter, a metal film electrode like this 
one will be simply referred to as an Al electrode). The gate 
electrode material is by no means limited to the Al electrode. 
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For example, a polycrystalline silicon electrode (material) may 
be deposited for use in place of such a gate electrode 
material. 

Thereafter, as shown in Figure 2(e), the gate electrode 
material is patterned to desired geometry on which a resist is 
disposed according to the gate pattern. 

Finally, a silicon nitride thin film is formed by P-CVD. 
Those portions of the silicon nitride thin film which sit over 
the pixel electrode 8 and a terminal pad (not shown) are 
removed by photolithography and dry etching to form the 
protection film 9, which completes the fabrication of the thin 
film transistor 1. See Figure 2(f). The thin film transistor 
manufactured as above is a MOS transistor. 

The thin film transistor, as shown in Figure 3, possesses 
stable capacitance (electrostatic capacitance). Figure 3 is the 
relationship between electrostatic capacitance (C) and applied 
voltage (V), or a so-called representation of C-V property, of 
the thin film transistor produced in accordance with the 
present embodiment. As observable from the property diagram, 
applying a positive voltage to the gate electrode 3 induces an 
inverted layer at the interface between the semiconductor 
layer 5 and the gate oxide film 4, thereby providing stable 
capacitance (electrostatic capacitance). 

As described above, in this example, the process-target 
substrate 2 is immersed in aqueous solutions of nitric acid of 
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different concentrations to form the silicon dioxide films 41, 
42 on the process-target substrate 2 through two stages. In 
other words, the silicon dioxide films 41, 42 which constitute 
the gate oxide film 4 in the thin film transistor are formed by 
the step of bringing the process-target substrate 2 in contact 
with a 40% (wt.) aqueous solution of nitric acid (oxidizing 
solution of a low concentration) to form the first oxide film 4a 
(first chemical oxide film) on the surface of the polycrystalline 
silicon 51 (semiconductor layer 5) on the process-target 
substrate 2 and the step of bringing the side of the first oxide 
film 4a which faces the process-target substrate 2 in contact 
with an aqueous solution of nitric acid of a high 
concentration which is more than or equal to 40% (wt.), the 
concentration used to form the first oxide film 4a 
("high-concentration oxidizing solution"; in the foregoing, 68% 
(wt.) aqueous solution of nitric acid), in order to form the 
second oxide film 4b. 

The thin film transistor thus formed, as can be seen 
from the C-V property diagram in Figure 3, has the same or 
less level of leak current density than the MOS capacitor 
containing as an insulating film a silicon dioxide film formed 
by an ordinary high temperature thermal oxidation method. 
The performance has certainly improved. 

In this manufacturing example, the silicon dioxide films 
41, 42 are 10 nm thick. The thickness is not limited in any 
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particular manner. Adjusting the durations for which the 
process-target substrate 2 is immersed in the 
low-concentration oxidizing solution 30 and the 
high-concentration oxidizing solution 60 causes changes in 
thicknesses of the first oxide film 4a, the second oxide film 4a, 
and the gate oxide film 4. In other words, the process-target 
substrate 2 can be immersed in an oxidizing solution for 
durations specified in accordance with a desired film 
thickness. The concentration of the oxidizing solution is 
another factor determining a rate of formation for each 
chemical oxide film. Therefore, the immersion duration only 
needs to be specified in accordance with the type and 
concentration of the oxidizing solution and the thickness of 
an oxide film to be formed; the duration is not limited in any 
particular manner. 

In this example, the oxidizing solution or oxidizing gas 
of a low concentration is a 40% (wt.) aqueous solution of 
nitric acid. This may be replaced with at least one aqueous 
solution selected from the group consisting of perchloric acid, 
sulfuric acid, ozone-dissolving water, aqueous hydrogen 
peroxide, a mixed solution of hydrochloric acid and aqueous 
hydrogen peroxide, a mixed solution of sulfuric acid and 
aqueous hydrogen peroxide, a mixed solution of aqueous 
ammonia and aqueous hydrogen peroxide, a mixed solution of 
sulfuric acid and nitric acid and, and aqua regia. A further 
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alternative is boiling water, which has oxidation effect. 

The nitric acid, since containing no halogen, does not 
produce chlorine, etc. which could damage the transistor in 
the course of manufacture. Therefore, the oxidizing solution 
is preferably nitric acid. It is further preferable if the nitric 
acid is highly pure. Use of highly pure nitric acid enables 
fabrication of better chemical oxide films. The highly pure 
nitric acid may be, for example, nitric acid with sufficiently 
low impurity (e.g. metal) concentration. For example, the 
impurity concentration is 10 ppb or less, preferably 5 ppb or 
less, more preferably 1 ppb or less. 

In the present embodiment, the oxidizing solution or 
oxidizing gas of a high concentration is a 68% (wt.) aqueous 
solution of nitric acid ("azeotropic nitric acid"). This may be 
replaced with at least one aqueous solution selected from the 
group consisting of azeotropic perchloric acid, azeotropic 
sulfuric acid, and aqua regia. 

If an azeotropic mixture with water is used as the 
oxidizing solution of a high concentration, its solution and 
vapor (that is, gas) have a constant concentration while a 
chemical oxide film is being formed on the semiconductor 
layer (polycrystalline silicon 51). Thus, the growth of the 
chemical oxide films can be controlled with time. Therefore, it 
is preferable if the oxidizing solution of a high concentration 
is an azeotropic mixture. 
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As will detailed later, it is preferable if the first chemical 
oxide film (first oxide film 4a) formed in an oxidizing solution 
of a low concentration has pores. In other words, it is 
preferable if the first chemical oxide film has a relatively low 
atomic density. When this is the case, the formation of the 
second chemical oxide film in the oxidizing solution of a high 
concentration proceeds smoothly. This is because the 
oxidizing solution acts (contacts) in the pores in the first 
chemical oxide film to form the second chemical oxide film. 
That is, the porous, low-atomic density, first chemical oxide 
film acts as a catalyst, enabling the oxidation reaction 
(formation of the second chemical oxide film) to proceed 
gradually. The resultant chemical oxide film is of higher 
quality. 

In the foregoing description, the chemical oxide films are 
formed in the low-concentration oxidizing solution 30 and the 
high-concentration oxidizing solution 60 (oxidizing solutions 
of two concentrations) which respectively fill the first 
processing container 20 and the second processing container 
50, as shown in Figure 9. However, the method of forming the 
chemical oxide films is by no means limited to this. For 
example, the oxidizing solution may be altered gradually to 
high concentration, from low concentration to high 
concentration in many stages (oxidizing solutions of two or 
more concentrations or gases thereof are prepared). 
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The concentration of the oxidizing solution may be 
increased continuously from low concentration to high 
concentration. That is, a low concentration solution may be 
concentrated to prepare a continuously high concentration 
solution. For example, if the oxidizing solution below 
azeotropic concentration (oxidizing solution of a low 
concentration) is heated and concentrated until azeotropic 
concentration is reached, and maintained in that heated state, 
the oxidizing solution having reached azeotropic 
concentration and its vapor show an invariable composition. 
Accordingly, the growth of the chemical oxide films can be 
controlled with time. Therefore, the formation (thickness, 
quality, etc.) of the chemical oxide films can be controlled 
with higher accuracy. 

In other words, when the concentration of the oxidizing 
solution is continuously raised from low concentration to high 
concentration, the oxide film forming step may be described 
as a method involving the step of immersing a substrate in an 
oxidizing solution below azeotropic concentration to form the 
first oxide film and the step of concentrating the oxidizing 
solution below azeotropic concentration up to azeotropic 
concentration with the substrate being immersed in the 
oxidizing solution below azeotropic concentration to form the 
second oxide film on the first oxide film. 

According to the method, first, the first oxide film is 



formed in an oxidizing solution below azeotropic 
concentration. Next, the oxidizing solution is concentrated up 
to azeotropic concentration with the substrate left immersed 
in the oxidizing solution. Accordingly, after the formation of 
the first oxide film, the second oxide film is formed while the 
concentration of the oxidizing solution is continuously 
increased. Each oxide film is formed in a oxidizing solution of 
a different concentration and hence has a different atomic 
density. That is, the first oxide film, formed in the oxidizing 
solution of a low concentration (below azeotropic 
concentration) has a lower atomic density than the second 
oxide film formed in the oxidizing solution of a high 
concentration (of azeotropic concentration). Therefore, the 
chemical oxide films has non-uniform atomic density 
distribution. 

As will be detailed later, when the concentration of the 
oxidizing solution is continuously raised from low 
concentration to high concentration, with the substrate being 
immersed in the oxidizing solution, to form the chemical oxide 
films, thick chemical oxide films can be formed more quickly 
than when individual oxidizing solutions of different 
concentrations are provided. 

It is preferable if the oxidizing solution of a low 
concentration and that of a high concentration are oxidizing 
species with strong oxidation effect (for example, oxygen ions, 
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such as oxygen ions, water oxide ions, and peroxide ions, or 
radicals). When this is the case, the chemical oxide films can 
be formed at temperatures as low as 200°C or even lower. 
Therefore, the present embodiment is suited for application to 
the formation of TFTs in the manufacture of a flexible liquid 
crystal display which requires the chemical oxide films to be 
formed at temperatures as low as 200°C or even lower. 

In the present embodiment, it is also possible to form, in 
the aforementioned silicon dioxide films 41, 42, (i) a silicon 
nitride-containing silicon dioxide film of which the surface is 
partially nitrided (silicon nitride) in a nitrogen-containing gas, 
especially by plasma, and (ii) a thick insulating film of Si02 or 
another material atop the silicon nitride-containing film after 
the nitriding by CVD, etc. 

The nitrided chemical oxide film generally shows 
intermediate properties between the oxide film and the nitride 
film depending on the composition. For example, the diffusion 
coefficient of impurities is slower in a nitride film than in an 
oxide film (thermal nitriding). A nitrided chemical oxide film 
provides excellent prevention of the impurity with which the 
gate electrode is doped, especially, boron, from diffusing into 
the Si substrate. Therefore, the nitrided chemical oxide film is 
applicable to thin film transistors in which an ultrathin gate 
insulating film (for example, 4 nm or less) is needed. 

As described above, the nitriding is one way of improving 
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the performance of the transistor. The nitriding further 
improves the quality of the chemical oxide film, which in turn 
allows for thinner chemical oxide films. 

"Nitriding" means that the fabricated silicon dioxide 
films 41, 42 (chemical oxide films) are at least partially 
nitrided. The nitriding involves heating a chemical oxide film 
formed through oxidation of a semiconductor surface in an 
atmosphere containing a nitriding species for nitriding at 
least part of the chemical oxide film. 

Examples of nitriding include ammonia (NH3) nitriding, 
nitrous acid (N2O) nitriding, and nitrogen monoxide (NO) 
nitriding. In these methods, ammonia, nitrous acid, and 
nitrogen monoxide are the nitriding species. Properties of a 
nitrided chemical oxide film obtained through NO nitriding do 
not degrade; the film, when used as a gate insulating film, 
shows excellent insulation breakdown tolerance and hot 
carrier tolerance over time. 

As another example of the present embodiment, a high 
dielectric film, such as hafnium oxide or aluminum oxide, is 
laminated on the aforementioned silicon dioxide (Si02) films 
41, 42 to form a composite film. The composite film can be 
used as the gate insulating film in a MOS transistor. 
Transistor properties improve (less leak current, higher 
mobility due to lowered interface energy level, etc.) with such 
a composite film when compared with the use of a high 
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dielectric film alone. The silicon dioxide film under the high 
dielectric film may be ultrathin: for example, 1 nm or even 
less. A silicon dioxide film formed by ordinary thermal 
oxidation is not applicable in practical use where there is 
large leak current or high interface energy level, if the film is 
about 1 nm thick. The silicon dioxide (Si0 2 ) films 41, 42 of 
the present embodiment are suitable for use in the composite 
film of layered structure when the films 41, 42 are topped by 
a thick insulating film. The oxide film of the present 
embodiment is also applicable to a layered ferroelectric film 
structure, as well as to the high dielectric film. 

In the foregoing description, the gate electrode 3 is made 
of aluminum. Examples of films containing metal atoms 
include films containing metal atoms selected from the group 
consisting of aluminum, magnesium, nickel, chromium, 
platinum, palladium, tungsten, titanium, and tantalum. 
Preferable films containing metal atoms are those containing 
active metal atoms: for example, metal films of aluminum, 
magnesium, and nickel and alloy films of silicon-containing 
aluminum. The film containing metal atoms may be a 
compound, such as titanium nitride or tantalum pentoxide. 
Further, a silicide electrode using nickel, etc. may be used. 

The steps of the present embodiment are suited for use 
with polycrystalline (inclusive of fine crystals) silicon or 
amorphous silicon on a glass or PET substrate in the 
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manufacture of thin film transistors (TFTs). In other words, it 
is preferable if the process-target substrate contains silicon 
and the chemical oxide film to be formed is a silicon dioxide 
film. 

The process-target substrate is not necessarily planar. 
The substrate may have three-dimensional, spherical, curved, 
or otherwise irregular geometry. The silicon dioxide film or 
other insulating film explained in the present embodiment 
can be uniformly formed on the irregular or curved parts of 
the surface at low temperature so that those parts can serve 
as transistor channels. 

Further, the steps are applicable not only to the 
manufacture of thin film transistors, but also to, for example, 
the manufacture of a capacitive insulating film in a large 
scale integrated circuit (LSI), e.g., flash memory, and to MOS 
capacitors. In the foregoing description, the chemical oxide 
film is a silicon dioxide film. The chemical oxide film may 
alter depending on the kind of material for the semiconductor 
layer 5 which will be oxidized. The chemical oxide film is by 
no means limited to the silicon dioxide film. 

In the foregoing description, no voltage is applied to the 
process-target substrate 2. By forming the silicon dioxide film 
through voltage application, however, the progress of the 
oxidation reaction can be accelerated (the formation rate of 
the silicon dioxide film can be increased). 



- 66 - 

In the 2-stage oxidation scheme, the process-target 
substrate is immersed in the low-concentration and 
high-concentration oxidizing solutions 30, 60. Therefore, the 
oxide film can be formed using a very simple arrangement. 
However, the silicon substrate 1 1 is not necessarily immersed. 
It is sufficient if the oxidizing solution can react with the 
process-target substrate. For example, the substrate may be 
exposed to low-concentration or high-concentration vapor 
(oxidizing gas) of the oxidizing solution. In a case like this, it 
is sufficient if vapor of the aforementioned oxidizing solution 
is used. 

The following will describe the present invention in more 
detail by way of manufacturing examples, which is by no 
means limiting the present invention. 

Manufacturing example 1 

The formation of a 3.5-nm thick Si02 film by a chemical 
oxide film forming method involving 2-stage solution 
oxidation will be explained. 

First, to form the first chemical oxide film (silicon 
dioxide film 4 1), the process-target substrate 2 was immersed 
in a 40% (wt.) aqueous solution of nitric acid without 
applying voltage. The porous SiC>2 film (first oxide film 4a; 
chemical oxide film) 41 with an atomic density of 2.22xl0 22 
atom/cm 3 was formed to a thickness of 1.1 nm. 
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Subsequently, to form the second chemical oxide film, 
the 40% (wt.) aqueous solution of nitric acid (boiling point 
120. 7°C) was heated until the concentration reached the 
azeotropic concentration of 68% (wt.), with the substrate on 
which the silicon dioxide film 41 had been formed being left 
immersed in the aqueous solution. Thus, the Si02 film 42 
with an atomic density of 2.34xl0 2 ' 2 atom/cm 3 was formed 
which was thicker than the first chemical oxide film 
(measuring 3.5 nm in total thickness). 

In the first and second oxidation processes (the 
formation steps for the first and second chemical oxide films), 
the pores in the Si0 2 film (first chemical oxide film) formed in 
the first, 40% (wt.) aqueous solution of nitric acid provided 
sites where the nitric acid would decompose. That is, the 
porous Si02 film 41 of low atomic density presumably acted 
as a catalyst to promote the oxidation of the nitric acid, 
forming the Si02 film 42 (second chemical oxide film). 

Figure 4 is an XPS spectrum property diagram for the 
Si0 2 films 41, 42 (chemical oxide films) formed by the 2-stage 
nitric acid oxidation process. The two sharp peaks are 
attributed to photoelectrons released from the Si(2p) orbit of 
the silicon substrate. The wider peak is attributed to 
photoelectrons released from the Si0 2 films 41, 42. From 
these peaks' area/intensity ratios, the combined thickness of 
the Si0 2 films 41, 42 was calculated to be 3.5 nm. 
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In contrast to this, if no first chemical oxide film was 
formed, and if the silicon substrate was from the beginning 
immersed in the azeotropic aqueous solution of nitric acid 
(concentration: 68% (wt.)), i.e., under the same conditions as 
for the formation of the second chemical oxide film, a poreless 
Si02 film with a high atomic density was formed. The 
thickness was as small as 1.4 nm. 

Figure 5 is a representation of I-V property for a 
MOS-structure diode containing the 3.5-nm thick Si02 films 
41, 42 obtained by the 2-stage nitric acid oxidation process 
before and after a PMA process. The diagram shows that after 
a MOS-structure diode was subjected to a PMA process in a 
hydrogen atmosphere at 250°C, the leak current density was 
lxlO- 4 A/cm 2 and 2xl0" 6 A/cm 2 for a 1-volt forward bias and 
a 1-volt reverse bias respectively. The leak current density 
had certainly decreased in comparison with the pre-PMA 
process values: 1x10-3 A/cm 2 and 7xl0 4 A/cm 2 respectively. 

Figure 6 is a representation of C-V property for a 
MOS-structure diode containing the 3.5-nm thick Si02 films 
41, 42 obtained by the 2-stage nitric acid oxidation process 
before a PMA process. The C-V property diagram shows a 
swell (of properties) due to interface energy levels and also 
hysteresis. A so-called PMA process in which the diode was 
heated as it was in an hydrogen atmosphere at 250°C 
eliminated the swell completely and most of the hysteresis. 
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In this example, the gate electrode 3 was formed on the 
3.5-nm thick Si0 2 films 41, 42. The subsequent PMA process 
in which the sample was heated in a hydrogen atmosphere at 
250°C eliminated interface energy level and gap level in Si02. 
The band gap of the Si02 films 41, 42 then increased, which 
in turn markedly reduced leak current density. These 
phenomena improved the performance of the insulating film. 
This is not the only possibility. Experience tells that 
immersion in an aqueous solution of nitric acid for an 
extended period of time makes it possible to form the Si02 
films 41, 42 with thickness in excess of this, up to a few tens 
of nanometers. In addition, performing the aforementioned 
PMA process at appropriately chosen temperature of a few 
hundred degrees Celsius (for example, 450°C) improved the 
electrical properties of the MOS structure, especially, 
eliminated hysteresis, lowered leak current density, and 
improved insulation breakdown voltage tolerance. 

Figure 7 is relationship between the duration of 
immersion in azeotropic nitric acid and the thickness of the 
Si02 films 41, 42. The first chemical oxide film was formed by 
immersing the silicon substrate 1 1 in a 40% (wt.) aqueous 
solution of nitric acid with no voltage being applied, to form 
the porous Si02 film (first chemical oxide film) 41 of a 
relatively low atomic density (2.22xl0 22 atom/cm 3 ) up to a 
thickness of 1.1 nm. Subsequently, the second chemical oxide 
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film was formed by immersing the substrate 11 in an 
azeotropic aqueous solution of nitric acid (boiling point 
120. 7°C; concentration 68% (wt.)) to form the Si0 2 films 41, 
42. The thickness of the Si02 films 41, 42 increased 
substantially linearly with the immersion duration. The figure 
also shows that the SiC>2 films 41, 42 could be formed up to a 
thickness of 10 nm or beyond. 

In addition, besides 2-stage change from low 
concentration to high concentration, the 2-stage nitric acid 
oxidation process mentioned above may be implemented in 
the following manner without departing from the scope of the 
present invention. The concentration may be increased 
gradually from low to high in many stages. The concentration 
may be increased continuously from low to high. For example, 
the substrate 11 may be immersed in a 40% (wt.) aqueous 
solution of nitric acid and heated so that it keeps boiling 
until it becomes an 68% (wt.), azeotropic aqueous solution of 
nitric acid (boiling point 120. 7°C). 

Manufacturing example 2 

A second manufacturing example will be described in 
accordance with the present invention. To form TFTs from 
polycrystalline silicon on a substrate, a laminated silicon 
dioxide (Si0 2 ) film was used for the gate insulating film. 
Accordingly, similarly to that, a silicon dioxide film was 



formed on polycrystalline silicon on a substrate in the 
example (manufacturing example 2) (in other words, the 
silicon substrate 11 was a polycrystalline silicon substrate). 
The film was then used to fabricate a MOS capacitor (its 
capacitive insulating film). 

In a case like this, it is suitable to form a silicon dioxide 
(Si02j film with a 2-stage nitric acid oxidation process on the 
surface of polycrystalline silicon on the substrate. 

Similarly to manufacturing example 1 above (see Figure 
2(a) to Figure 2(f)), first, as the formation of the first chemical 
oxide film, the polycrystalline silicon layer on the substrate 
was immersed (brought into contact with) in a 40% (wt.) 
aqueous solution of nitric acid with no voltage being applied, 
to form the Si02 film (chemical oxide film) 41 up to a 
thickness of 1.1 nm (Figure 2(c)). 

Subsequently, as the formation of the second chemical 
oxide film, a polycrystalline silicon layer on the substrate 
carrying the first chemical oxide film (SiC>2 film 41) was 
immersed in (brought into contact with) a boiling azeotropic 
aqueous solution of nitric acid (concentration 68% (wt.); 
boiling point 120. 7°C) with no voltage being applied, to 
fabricate the second, thick chemical oxide film (Si02). The 
Si02 films 41, 42 (chemical oxide films) having a combined 
thickness of about 25 nm were thus formed uniformly (Figure 
2(d)). 
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In a case like this, again, similarly to manufacturing 
example 1, throughout the oxidation processes in which the 
first and second chemical oxide films above were formed, the 
pores in the Si02 film (first chemical oxide film) formed in the 
first, 40% (wt.) aqueous solution of nitric acid provided sites 
where the nitric acid would decompose. That is, the porous 
Si02 film 41 (first chemical oxide film) of relatively low atomic 
density (the atomic density was about 2.22xl0 22 atom/cm 3 ) 
acted as a catalyst to promote the oxidation of the nitric acid, 
forming the second chemical oxide film 42. As a result, the 
second chemical oxide film (Si0 2 film 42) was produced which 
had a little higher density (atomic density: about 2.34xl0 22 
atom/cm 3 ) than the first chemical oxide film and which was 
thicker than first chemical oxide film. 

Subsequently, a film of material for the gate electrode 3 
was provided on the silicon dioxide film (chemically oxidized 
Si02 film). Thereafter, the film was patterned into desired 
geometry to form the gate electrode 3. A MOS capacitor was 
thus manufactured (Figure 2(f)). 

Each major property of the MOS capacitor obtained in 
manufacturing example 2 shows, similarly to manufacturing 
example 1, high performance and stability. 

The oxidizing solution, as already mentioned in the 
example using an aqueous solution of nitric acid, may be at 
least one aqueous solution selected from the group consisting 
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of an aqueous solution of perchloric acid which is a mixture 
of water and perchloric acid, an aqueous solution of sulfuric 
acid which is a mixture of water and sulfuric acid and, aqua 
regia, mixed solutions of these (including azeotropic 
mixtures) . 

In manufacturing example 2, the silicon dioxide films 41, 
42 above (chemical oxide films; Si02 films) may be partly 
nitrided to a silicon nitride film of a thickness of 0.3 to 0.5 
nm through nitriding, so that the resultant composite film 
may be used. 

Manufacturing example 2 involved a MOS capacitor as 
an example. To form a gate insulating film for a MOS 
transistor, the gate insulating film in which the silicon 
dioxide film or nitrided silicon film obtained by nitriding the 
silicon dioxide film was used provided a high performance 
insulating film in which there were only relatively few 
interface energy levels, and could be used in, for example, 
large scale integrated circuits (LSIs) and charge coupling 
devices (CCDs). In addition, that gate insulating film can be 
used as an interlaj^er insulating film in a multilayer wiring 
structure formed using polycrystalline silicon electrode 
material, etc. as wiring. The gate insulating film can also be 
used as a capacitive insulating film in a memory such as a 
flash memory. Use in these fields is well expected. 

Manufacturing example 2 is focused on an example in 
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which the monocrystal silicon substrate is used as a 
process-target substrate to manufacture a MOS capacitor. The 
steps involved are also suited for use with polycrystalline 
(inclusive of fine crystal) silicon, amorphous silicon, or CG 
silicon (continuous grain silicon) on a glass or PET substrate 
in the manufacture of thin film transistors (TFTs) . Especially, 
in manufacturing example 2 also, the formation of the 
chemical oxide film at temperatures as low as 200°C or even 
lower is possible; therefore, the steps are suitable for use in 
the formation of TFTs in the manufacture of a flexible liquid 
crystal display. 

Further, the aforementioned steps are also applicable 
not only to cases where a MOS capacitor is manufactured, but 
also to a gate insulating film and an interlayer insulating film 
in a MOS transistor, a large scale integrated circuit (LSI), or a 
charge coupling device (CCD) in which the gate insulating film 
is any one of the silicon dioxide film formed in the present 
embodiment, a laminated silicon dioxide film having a Si02 
film formed on this film by CVD, or a multilayer film in which 
a silicon nitride-containing film is formed in the middle of the 
laminated silicon dioxide film. 

In manufacturing example 2, in addition to the 
formation of the aforementioned silicon dioxide film 15, a 
silicon nitride-containing film can be formed on the surface of 
the silicon dioxide film 15 by subjecting the surface to a 
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silicon nitride-containing film formation process or nitriding 
in nitrogen plasma. It is also possible to form an insulating 
film such as a thick Si02 covering the silicon dioxide film 15 
or the silicon nitride-containing film by CVD. 

(2) Voltage application scheme 

Voltage application is a method of applying voltage to 
the process-target substrate 2 (or polycrystalline silicon 51 
(semiconductor)) on which the gate oxide film 4 is to be 
formed and immersing the substrate in a solution containing 
an active oxidizing species, to form the gate oxide film 4. 

Voltage application can be carried out in, for example, 
the device shown in Figure 10. Figure 10 is a cross-sectional 
view of the apparatus with which voltage application is 
implemented and here schematically depicts a apparatus in 
which a silicon dioxide film is formed as a chemical oxide film 
on the silicon substrate 11 which is the process-target 
substrate 2. The apparatus is arranged so that when the 
silicon substrate 1 1 is connected to the power supply 4 with 
the process-target silicon substrate 11 being immersed in an 
oxidizing solution 13 in the processing container 12, a 
predetermined voltage is applied across the silicon substrate 
11 and an opposite electrode 15 disposed in the processing 
container 12. In other words, the manufacturing apparatus 
has an oxide film forming section which implements a 
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formation method performing an oxide film forming step 
through voltage application explained below. 

The oxide film forming steps of a voltage application 
scheme is carried out by applying voltage to the 
process-target substrate 2 in Figure 1 and Figure 2 on which 
the gate insulating film 4 is to be formed. For example, if the 
process-target substrate 2 is electrically insulating, voltage is 
applied to the semiconductor layer 5. If the process-target 
substrate 2 is electrically conductive, voltage is applied to the 
process-target substrate 2. Hence, the gate oxide film 4 is 
formed on the surface of the gate electrode 3. If the 
process-target substrate 2 is electrically conductive, the 
conductive substance is made of a substance which forms an 
oxide in an oxidizing solution, the gate oxide film 4 is formed 
also on the surface of the process-target substrate 2. 

Now, the voltage application scheme will be described in 
more detail by way of concrete examples. In the voltage 
application scheme, the process-target substrate 2 (silicon 
substrate 11) processed in the Figure 2(b) step is rinsed 
(washed) for 5 minutes in ultrapure water. After that, the 
silicon substrate 11 is immersed a solution (oxidizing 
solution) which has strong oxidation effect even at low 
concentrations. The solution fills a processing container 2 
shown in Figure 10. The power supply 14 applies a 10-volt 
positive voltage across the silicon substrate 1 1 and the 
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opposite electrode 15 disposed in the processing container 12 
at room temperature for about 10 minutes. Here, as the 
oxidizing solution, a 1-mole (mol./l) aqueous solution of nitric 
acid is used. As shown in Figures 2(c) and 2(d), The silicon 
dioxide films 41, 42 of a thickness of about 10 nm are formed 
uniformly across the polycrystalline silicon 51. Here, due to 
the voltage application to the process- target substrate 2, the 
source electrode 6, the drain electrode 7, and the 
polycrystalline silicon 51 also receives voltage. 

Conditions in applying voltage to the process-target 
substrate 2 are chosen considering the temperature when the 
heating temperature is set to 200°C or below. As an example, 
the conditions, may be chosen so that the process-target 
substrate 2 is placed at a positive few tens of volts (100 volts 
DC) in an electrode layout with which a uniform electric field 
is produced across the surface of the process-target substrate 
2, for example, between the process-target substrate 2 and an 
opposite electrode parallel to the substrate 2. In the case of 
the 1-mole (mol./l) aqueous solution of nitric acid, the 
conditions may be suitably specified in a range of DC 5 to 20 
V. With such voltage application, even if O, OH", and other 
negative ions or radicals of an active oxidizing species are 
attracted into the surface of the polycrystalline silicon 5 1 to 
form a silicon dioxide film 41, the ions or radicals pass 
through it and accelerate the oxidation reaction uniformly 
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across the surface of the polycrystalline silicon 51. Thus, the 
silicon dioxide film 42 is produced on the surface of the 
polycrystalline silicon 51. 

The conditions in applying voltage to the process-target 
substrate 2, by applying a negative potential to this, can 
prevent the oxidizing species from being attracted into the 
surface of the polycrystalline silicon 51. When no voltage is 
being applied to the process-target substrate 2 (that is, the 
application voltage value is 0), a suitable negative voltage 
should be again applied to stop the growth of a chemical 
oxide film on the surface of the polycrystalline silicon 51, 
because the oxidizing species diffused onto the surface of the 
polycrystalline silicon 51 causes the silicon dioxide film 42 to 
grow on the surface of the polycrystalline silicon 51. This will 
be effectively work if performed when the process-target 
substrate 2 is pulled (cut off) out of the oxidizing solution 3 
in the processing container 2 after the growth of the silicon 
dioxide film 42 on the surface of the polycrystalline silicon 51 
is finished. 

Subsequently, a film of a gate electrode material is 
formed on the silicon dioxide film 41. Here, as the gate 
electrode material, an aluminum alloy containing 1 wt.% 
silicon is deposited to a thickness of about 200 nm by 
well-known resistance heating vapor deposition (hereinafter, 
this kind of metal film electrode will be simply referred to as 
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an Al electrode). The gate electrode material is by no means 
limited to an Al electrode. For example, this gate electrode 
material may be replaced with a deposited polycrystalline 
silicon electrode (material). 

Thereafter, as in Figure 2(e), the gate electrode material 
is patterned to desired geometry to form a resist in a gate 
pattern. 

Finally, a silicon nitride thin film is formed by P-CVD. 
Those portions of the silicon nitride thin film which sit over 
the pixel electrode 8 and a terminal pad (not shown) are 
removed by photolithography and dry etching to form the 
protection film 9, which completes the fabrication of the thin 
film transistor 1. See Figure 2(f). The thin film transistor 
manufactured as above is a MOS transistor. 

Next, the properties of the MOS transistor manufactured 
as above will be described. 

Figure 11 shows a relationship between electrostatic 
capacitance (C) and applied voltage (V), or a so-called 
representation of C-V property, for a MOS transistor obtained 
by a voltage application scheme. As observable from the 
property diagram, applying a positive voltage to the gate 
electrode 3 induces an inverted layer at the interface between 
the chemical oxide film and the semiconductor layer, thereby 
providing stable capacitance (electrostatic capacitance). 

The MOS capacitor thus formed, as can be seen from the 
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C-V property diagram in Figure 11, has the same or less level 
of leak current density than the MOS capacitor containing as 
a gate insulating film the silicon dioxide film formed by an 
ordinary high temperature thermal oxidation method. The 
performance has certainly improved. 

In the foregoing description, the oxidizing solution or 
oxidizing gas was a l-mole aqueous solution of nitric acid as 
an example. The solution may be replaced with nitric acid at 
least one solution selected from the group consisting of 
perchloric acid, sulfuric acid, ozone-dissolving water, aqueous 
hydrogen peroxide, a mixed solution of hydrochloric acid and 
aqueous hydrogen peroxide, a mixed solution of sulfuric acid 
and aqueous hydrogen peroxide, a mixed solution of aqueous 
ammonia and aqueous hydrogen peroxide, and a mixed 
solution of aqua regia of sulfuric acid and nitric acid, all of a 
given concentration, and boiling water with oxidation effect; a 
gas thereof; or a mixture thereof. In other words, these 
oxidizing solutions and oxidizing gases may be used alone or 
as a mixture. The oxidizing solutions and oxidizing gases are 
generate a oxidizing species with strong oxidation effect: for 
example, ions of oxygen, such as oxygen ions, water oxide 
ions, and peroxide ions, and radicals. Therefore, by 
designating as the anode the process-target substrate 2 on 
which the silicon dioxide films 41, 42 are to be formed, these 
oxidizing species can be introduced to the surface of the 
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polycrystalline silicon 51 (interface between the 
polycrystalline silicon 51 and the silicon dioxide film 42) even 
after the silicon dioxide film 41 is formed. 

It is preferable if an aqueous solution of nitric acid is 
used as the oxidizing solution. Even if the concentration of 
the nitric acid is as low as from 1 to 65% (weight ratio; 
hereinafter, ;: wt. ;! ), the oxidizing solution has strong oxidation 
effect on silicon. Even with no voltage being applied to the 
silicon substrate 11, the solution is suitable in forming the 
aforementioned silicon dioxide films 41, 42. 

In addition, the oxidizing solution of a high 
concentration, especially, an aqueous solution of nitric acid 
of a higher concentration than 65% (wt.), for example, 68% 
(wt.) or more (azeotropic concentration), has extremely strong 
oxidation effect on silicon. Even with no voltage applied to the 
process-target substrate 2, the uniform silicon dioxide films 
41, 42 are formed. In this aqueous solution of nitric acid, if 
the heating temperature is kept at 120. 7°C (so-called 
azeotropic temperature or above), the nitric acid and water 
shows azeotropy. The solution and vapor (that is, gas) have a 
constant concentration. The growth of the silicon dioxide 
films 41, 42 can be controlled with time. 

They have strong oxidation effect in vapor form (in other 
words, oxidizing gas). Even if the vapor is reacted with no 
voltage being applied to the silicon substrate 11, the silicon 
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dioxide films 41, 42 can be formed on the surface of the 
process-target substrate 2 (to be more specific, the surface of 
the polycrystalline silicon 51). In a case like this, the 
temperature of the process-target substrate 2 can be suitably 
chosen. However, the rate of formation of the silicon dioxide 
films 41, 42 can be increased by applying voltage to the 
process -target substrate 2 to form the silicon dioxide films 41, 
42. 

Among the oxidizing solutions or gases thereof, if the 
oxidizing solution of a high concentration or oxidizing gas is 
at least one selected from the group consisting of azeotropic 
nitric acid which is an azeotropic mixture of nitric acid and 
water, azeotropic sulfuric acid which is an azeotropic mixture 
of sulfuric acid and water, and azeotropic perchloric acid 
which is an azeotropic mixture of perchloric acid and water, 
all used in the present embodiment, the solution or gas has 
especially strong oxidation effect and especially suitable for 
forming an oxide in the present invention. With these 
azeotropic mixtures, even if the applied voltage to the 
process-target substrate 2 is low (even if the applied voltage 
is zero), the oxide film forming step and the performance of 
the obtained silicon dioxide films 4 1, 42 are both stable. 

As described above, in the voltage application scheme, it 
is preferable if the oxidizing solution or a gas thereof is an 
azeotropic mixture of azeotropic concentration. It is more 
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preferable if the solution or a gas is an azeotropic mixture 
with water. It is even more preferable if the solution or a gas 
is at least one solution or a gas thereof selected from the 
group consisting of azeotropic nitric acid which is an 
azeotropic mixture with water, azeotropic sulfuric acid which 
is an azeotropic mixture with water, and azeotropic perchloric 
acid which is an azeotropic mixture with water. Further, it is 
especially preferable if the oxidizing solutions of these 
azeotropic mixtures or gases thereof are heated to or beyond 
azeotropic temperature before reacting with the 
semiconductor. 

In the foregoing description, in the oxide film forming 
step of the voltage application scheme, the silicon dioxide 
films 41, 42 are formed using an aqueous solution of nitric 
acid of one concentration. Oxidizing solutions, such as nitric 
acid, of different concentrations, or gases thereof may be 
applied. In a case like this, it is preferable if the oxidizing 
solutions or gases are azeotropic mixtures. 

In other words, step 1 of reacting an oxidizing solution 
below azeotropic concentration or a gas thereof with the 
polycrystalline silicon 5 1 to form the first silicon dioxide film 
(first chemical oxide film) 41 on the surface of the 
polycrystalline silicon 51 and step 2 of reacting an oxidizing 
solution of azeotropic concentration or a gas thereof with the 
first silicon dioxide film 4 1 to form the second, thicker silicon 
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dioxide film (second chemical oxide film) 42 than the first 
silicon dioxide film 41 may be implemented, where at least 
one of steps 1 and 2 is the foregoing oxide film forming step 
of the voltage application scheme (in other words, the first or 
second chemical oxide film is formed on the silicon substrate 
surface by reacting the oxidizing solution or a gas thereof 
with the silicon substrate while voltage is being applied to the 
silicon substrate). In other words, at least one of steps 1 and 
2 of the 2-stage oxidation may be implemented by way of an 
oxide film forming step of a voltage application scheme. 

Accordingly, similarly to the oxide film forming step of 
the aforementioned 2-stage oxidation scheme, a high quality 
chemical oxide film of a desired thickness can be formed 
uniformly across the silicon substrate surface at low 
temperature and low voltage. In other words, the quality of 
the silicon dioxide films 41, 42 can be improved. The leak 
current density, high quality silicon dioxide films 41, 42 can 
be formed. Therefore, for example, even if the silicon dioxide 
film is used as the gate insulating film 4, the silicon dioxide 
film functions as a high quality insulating film. It is thus 
possible to thin down the present insulating film (for example, 
to a few nanometers or less). 

Further, especially, since step 1 involves an oxidizing 
solution below azeotropic concentration or a gas thereof, and 
step 2 involves an oxidizing solution of azeotropic 
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concentration or a gas thereof, the first silicon dioxide film is 
a chemical oxide film with a lower atomic density than the 
second silicon dioxide film. In other words, in step 1, the 
porous, first silicon dioxide film 41 is formed. In step 2, the 
second silicon dioxide film 42 is formed by an oxidizing 
solution or a gas thereof reacting in the pores in the first 
silicon dioxide film 41 formed in step 1. That is, the porous, 
low-atomic density, first silicon dioxide film 41 acts as 
catalyst, enabling the oxidation reaction (formation of the 
second silicon dioxide film 42) to proceed gradually. 
Accordingly, the higher quality silicon dioxide films 41, 42 
can be formed. 

In steps 1 and 2, two types of oxidizing solutions or 
gases thereof, one with low concentration (preferably, below 
azeotropic concentration) and another with high 
concentration (preferably, of azeotropic concentration), may 
be prepared to form the first and second silicon dioxide films. 
Alternatively, the concentration may be gradually changed 
from low concentration to high concentration in many stages 
(oxidizing solutions or gases thereof of two or more 
concentrations may be prepare). Alternatively, the 
concentration may be continuously increased from low 
concentration to high concentration. For example, if an 
oxidizing solution below azeotropic concentration is heated 
until it reaches the azeotropic concentration, and maintained 
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in that heated state, the oxidizing solution and its vapor show 
an invariable composition. Accordingly, the growth of the 
chemical oxide film can be controlled with time. Therefore, 
the formation of the silicon dioxide film (thickness, quality, 
etc.) can be controlled more precisely. 

In the voltage application scheme, the voltage 
application to the silicon substrate 11 contributes to the 
increasing of the rate of formation of the silicon dioxide film 
15 on the silicon substrate 11 and the increasing the film 
thickness. By applying voltage to the process-target substrate 
2, O-, OH-, and other anions or radicals which are the 
oxidizing species in the solution are attracted to the surface 
of the polycrystalline silicon 51. After the formation of the 
silicon dioxide film 41, those anions and radicals readily pass 
through the silicon dioxide film 4 1 to reach the surface of the 
polycrystalline silicon 51. Thus, the voltage application 
increases the oxidation reaction rate, and the silicon dioxide 
film 42 becomes thick. 

It is preferable in the voltage application scheme also if 
the silicon dioxide films 41, 42 are subjected to a nitriding 
step where they are nitrided. An example of the nitriding step 
is to form a silicon nitride-containing silicon dioxide film 
(nitrided chemical oxide film) in a nitrogen-containing gas, 
especially by plasma nitriding, by nitriding a part of the 
surface of the silicon dioxide film 15 to silicon nitride. 
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Another example is to form a thick insulating film of Si02 or 
another material (oxide film) atop the silicon 
nitride-containing film by CVD after the aforementioned 
nitriding. Accordingly, the silicon dioxide films 41, 42 are 
films of silicon nitride and silicon dioxide (nitrided chemical 
oxide film). This nitriding improves insulation breakdown and 
electric charge trap properties of the chemical oxide films. 

In the voltage application scheme, a high dielectric film, 
such as, hafnium oxide or aluminum oxide, may be laminated 
on the aforementioned silicon dioxide (Si02) film 41 to form a 
composite film which is suitable for use as the gate insulating 
film 4 in the MOS transistor. Transistor properties improve 
(less leak current, higher mobility due to lowered interface 
energy level, etc.) with such a composite film when compared 
with the use of a high dielectric film alone. The silicon dioxide 
films 41, 42 under the high dielectric film (on the side of the 
process-target substrate 2) may be ultrathin: for example, 1 
nm or even less. Also, the films 41, 42 may be formed without 
voltage application. If the silicon dioxide film 15 formed by 
ordinary thermal oxidation is about 1 nm thick, the film 15 is 
not applicable in practical use where there is large leak 
current or high interface energy level, because of its the film 
quality. 

In contrast, the silicon dioxide (Si0 2 ) films 41, 42 of the 
present embodiment are of high quality. The silicon dioxide 
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films 41, 42 are suitable for use in the composite film of 
layered structure when the films 41, 42 are topped by a thick 
insulating film. In other words, the films 41, 42 are suitable 
for use as the gate insulating film 4 in MOS transistors. 
Further, the silicon dioxide films 41, 42 of the present 
embodiment is similarly applicable to a gate insulating film 
formed by laminating ferroelectric films, as well as to high 
dielectric films. 

The voltage application scheme is described in the above 
by way of an example where the process-target substrate on 
which the silicon dioxide films 41, 42 are formed is the 
monocrystal silicon substrate 11 to manufacture a MOS 
capacitor. The steps are applicable to cases where thin film 
transistors (TFTs) are formed using polycrystalline (inclusive 
of fine crystal) silicon, amorphous silicon, or CG silicon 
(continuous grain silicon) on a glass or PET substrate. 

Further, in the present embodiment, since the silicon 
dioxide films 41, 42 are uniform, the process-target substrate 
2 and the polycrystalline silicon 51 (semiconductor layer 5) 
are not necessarily planar. The substrate 2 and silicon 51 
may have three-dimensional, spherical, curved, or otherwise 
irregular geometry. Those irregular or curved parts may be 
used as transistor channels. In other words, according to the 
method, high quality insulating films, such as the silicon 
dioxide films 41, 42 formed, can be uniformly formed in 
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accordance with the irregular or curved surface of the 
process-target substrate 2 or the polycrystalline silicon at low 
temperature. 

Further, the steps are by no means limited to cases 
where thin film transistors are manufactured as 
semiconductor devices. In the present embodiment, thin film 
transistors are taken as an example. When a gate insulating 
film is formed for thin film transistors (TFTs), the laminated 
silicon dioxide film or the laminated silicon dioxide film with 
a silicon nitride-containing film in the middle of it provides a 
high performance insulating film with low interface energy 
level and hence high performance TFTs. Those laminated 
silicon dioxide films are applicable to large scale integrated 
circuits (LSIs) and charge coupling devices (CCDs). The films 
can also be used as an interlayer insulating film in a 
multilayer wiring structure formed using polycrystalline 
silicon electrode material, etc. as wiring. The films can also 
be used as a capacitive insulating film in a memory, such as a 
flash memory. Use in these fields is well expected. 

The present embodiment is focused on an example in 
which monocrystal silicon substrate is used as a 
process-target substrate to manufacture thin film transistors. 
The steps involved are also suited for use with polycrystalline 
(inclusive of fine crystal) silicon, amorphous silicon, CG 
silicon (continuous grain silicon), silicon carbide, or silicon 
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germanium on a glass or PET substrate in the manufacture of 
thin film transistors (TFTs). Especially, silicon carbide is 
highly useful, because it offers fast switching speed and 
suitable for use in TFTs. 

In the present embodiment. DC voltage is applied to the 
process-target substrate 2. AC voltage may be applied instead. 
When this is the case, a silicon dioxide film can be formed 
similarly to the case of DC voltage by pulse control. Pulse 
control also makes it possible to control the thickness of the 
silicon dioxide film to be formed. 

In the foregoing description, the gate electrode material 
is made of aluminum. Examples of films containing metal 
atoms include films containing metal atoms selected from the 
group consisting of aluminum, magnesium, nickel, chromium, 
platinum, palladium, tungsten, titanium, and tantalum. 
Preferable films containing metal atoms are those containing 
active metal atoms: for example, metal films of aluminum, 
magnesium, and nickel and alloy films of silicon-containing 
aluminum, The film containing metal atoms may be a 
compound, such as titanium nitride or tantalum pentoxide. 

The voltage application scheme differs from conventional 
anodization as follows: 

Conventionally, anodization is carried out as a method 
to form an oxide film on a semiconductor surface while 
voltage is being applied to the semiconductor. Anodization is 
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a method of forming an oxide film on a semiconductor surface 
by the electric field accelerating the movement of ions of 
semiconductor components in an electrolyte which does not 
dissolve the oxide film. 
5 For example, to form a Si0 2 film on a Si substrate by 

anodization, voltage is applied to the Si substrate to 
introduce Si + ions from the Si substrate surface to the Si02 
film. Then, the Si + ions are released from the Si substrate and 
transmitted through the SiC>2 film formed, so as to introduce 

10 the released Si + ions to the Si0 2 film surface. Then, the Si + 

ions on the Si02 film surface are oxidized to form a Si02 film 
on the Si0 2 film surface. That is, in anodization, the growth 
of the Si0 2 film occurs on the Si0 2 film surface. In other 
words, in anodization, oxidation reaction occurs on the Si0 2 

15 film surface by introducing Si + ions to the Si0 2 film surface. 

In contrast, in the method of forming an oxide in 
accordance with the present invention (the present forming 
method), in cases where an oxidizing solution or a gas thereof 
with strong oxidation effect (high oxidizing solution or gas 

20 thereof) is used to form, for example, a Si02 film on a Si 

substrate, voltage is applied to the Si substrate to enable the 
oxidizing solution to generate active species (oxidizing 
species), such as dissociated oxygen ions (O) and oxygen 
atoms, on the Si substrate surface. The active species move to 

25 the Si02/Si substrate interface and react with the Si 



substrate at the interface to form a Si02 film. As described 
above, in the present forming method, oxidizing species, such 
as O- ions and oxygen atoms, are introduced to the Si 
substrate surface (interface between the Si substrate and the 
Si02 film) by applying voltage to the Si substrate. Therefore, 
after the formation of the Si0 2 film, the ions or radicals of the 
oxidizing species oxidize Si on the Si substrate surface (the 
interface between the Si substrate and the Si0 2 film) to form 
a Si0 2 film. That is, the growth of the Si0 2 film occurs at the 
Si substrate surface (interface between the Si substrate and 
the Si0 2 film), not on the Si0 2 film surface. In other words, in 
the present forming method, oxidation reaction occurs at the 
Si substrate surface (interface between the Si substrate and 
the Si0 2 film) by introducing the ions or radicals of the 
oxidizing species to the Si substrate surface (interface 
between the Si substrate and Si0 2 film). 

As described above, in the present forming method, 
oxidation reaction occurs at the semiconductor surface 
(interface between the semiconductor and the chemical oxide 
film). In anodization, oxidation reaction occurs at the oxide 
film surface. Therefore, the present forming method differs 
from anodization in the site of growth of the chemical oxide 
film. In other words, in anodization, the oxide film is formed 
at the interface in the direction going away from the substrate 
In the present forming method, the chemical oxide film is 
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formed at the interface toward the substrate. That is, the 
interface between the Si substrate and the silicon dioxide film, 
as oxidation reaction proceeds, moves toward the bulk silicon 
and hence is always clean. Therefore, in the present forming 
method, good interface properties are obtained. 

In anodization, ions of semiconductor components to be 
oxidized need to be released from the semiconductor surface. 
Further, the semiconductor component ions need to be 
introduced to the oxide film surface. To this end, high voltage 
is needed. In contrast, in the present forming method, a 
chemical oxide film grows at the semiconductor surface 
(interface between the semiconductor and the chemical oxide 
film). There is no need for the semiconductor surface to 
release ions of semiconductor components to be oxidized. 
Therefore, the present forming method can form a chemical 
oxide film at lower voltage than anodization. 

In Tokukaihei 3-6826, to form an oxide film on the 
silicon substrate surface at low voltage, an oxide film is 
formed after forming a porous oxide film. In other words, in 
Tokukaihei 3-6826, it is essential to form a porous oxide film. 
In addition, the quality of the formed oxide film is 
insufficient. 

In contrast, in the present forming method, a chemical 
oxide film can be formed on the semiconductor surface 
without forming such a porous oxide film. 
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In addition, in conventional anodization, a porous 
silicon substrate is used to let oxidation reaction proceed at 
low voltage. 

In contrast, in the present forming method, a porous 
processing substrate (for example, a porous silicon substrate) 
is not necessarily used because an oxidizing solution or vapor 
thereof with strong oxidation effect is used. 

The following will further describe the voltage 
application scheme in detail by way of a manufacturing 
example. This is by no means limiting the present invention. 

Manufacturing example 3 

Next, an example will be shown where the silicon dioxide 
films 41, 42 are formed on the silicon substrate 1 1 by a 
voltage application scheme using nitric acid as the oxidizing 
solution. 

An n-type, (100) silicon wafer was washed by a 
well-known RCA washing method. The wafer had a resistivity 
of about 10 Ocm. After that, an ohmic contact electrode was 
provided on a part of the wafer surface. The wafer was 
immersed in a 1-mole (mol./l) aqueous solution of nitric acid 
(HNO3) at room temperature (25°C). A voltage between 5 V to 
20 V was applied from the variable power supply 14 across 
the wafer and a platinum reference electrode of the opposite 
electrode 15 to form the silicon dioxide (SiC>2) films 4 1, 42 on 
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the wafer surface. 

Figure 12 is a representation of growth in film thickness 
vs. time property for the Si0 2 films 41, 42 showing a 
relationship between the process duration (minutes) and the 
5 thickness (nm) of the Si0 2 films 41, 42 with the applied 

voltage as a parameter. When the applied voltage was 5 V, the 
Si0 2 film thickness grew parabolically with the process 
duration. This demonstrates that the diffusion of O, OH", and 
other anions or radicals, which were oxidizing species, was 

10 the limiting factor for the growth of the Si0 2 film 15. When 

the applied voltage was 10 V, the thickness of the Si0 2 films 
41, 42 grew linearly with process duration. This demonstrates 
that the reaction was the limiting factor. In other words, 
when the applied voltage was high, O", OH", and other anions 

15 or radicals, which were oxidizing species, were induced to 

move to the Si0 2 /Si interface (interface between the silicon 
dioxide films 41, 42 and the polycrystalline silicon 51). As a 
result, the oxidation reaction at the interface limited the 
growth. In either case, the Si0 2 film 42 was a chemical oxide 

20 film grown by oxidation reaction at the Si0 2 /Si interface 

(surface of the polycrystalline silicon 51). 

According to this manufacturing example, when the 
applied voltage to the process-target substrate 2 is set to 10 V, 
the relationship between the thickness of the Si0 2 films 41, 

25 42 and the duration is substantially linear. It is also 
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substantially possible to form the Si0 2 films 41, 42 up to a 
thickness of 20 nm to 30 nm by extending the duration. 

Figure 13 is a current-voltage (I-V) property illustration 
for a MOS diode in a case of a Si0 2 film obtained as a thin 
film transistor (MOS diode (capacitor)) having a Al/Si0 2 /Si 
(100) structure with a 5-V voltage applied for 60 minutes 
(process duration) after an aluminum electrode (gate electrode 
3) measuring 0.3 mm in diameter was formed on the Si0 2 
films 41, 42. The thickness of the Si0 2 films 41, 42 was 
measured by a capacitance-voltage (C-V) scheme, assuming 
that the Si0 2 films 41, 42 had a dielectric constant of 3.9. 
The measurement was about 6.1 nm. If voltages of 4 V and -4 
V were applied to the gate electrode on the Si0 2 films 41, 42, 
the leak current densities were 8xl0~ 8 A/cm 2 and 9xl0- 9 
A/cm 2 respectively. These figures were relatively low, 
considering the fact that the Si0 2 films 41, 42 were formed at 
room temperature. 

Figure 14 is a correlation diagram obtained by randomly 
plotting relationship between leak current density and Si0 2 
film thickness for a thin film transistor with respect to the 
Si0 2 films formed with respective applied voltages of 5 V, 10 V, 
15 V, and 20 V. The electric field strength in the Si0 2 films 
were set to 5 MV/cm. Throughout the entire range of the 
observed film thickness, the leak current density was lxlO* 7 
A/cm 2 or less. 
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Figure 15 is a representation of I-V and C-V properties 
for a thin film transistor including the Si0 2 films 41, 42 
formed by applying 10-V voltage to the process-target 
substrate 2 for 10 minutes in a 0.01-mole aqueous solution of 
perchloric acid (HC10 4 ). If voltages of 3 V and -3 V were 
applied to the gate electrode on the Si02 films 41, 42, the 
leak current densities were 7xl0" 8 A/cm 2 and 8xl0" 9 to 8xl0" 8 
A/cm 2 respectively. The C-V property shows hysteresis of 
about 0.9 V. The SiC>2 film thickness was 8.5 nm as measured 
by X-ray photoelectron spectrum (XPS) and 6.7 nm as 
measured from the C-V property. 

The foregoing is results when no annealing or other 
post-processing was carried out on the Si02 films 41, 42 
formed in an aqueous solution of HNO3 or an aqueous 
solution of HCU. After the formation of the Si02 films 41, 42, 
the films 41, 42 were heated in nitrogen ("post-oxidation 
annealing;" hereinafter, "POA process"). The resultant films 
41, 42 showed improved electrical properties as below. 

Figure 16 and Figure 17 are representations of I-V and 
C-V properties for a thin film transistor including the Si02 
films 41, 42 (shown in Figure 15) formed by applying 10-V 
voltage to the process-target substrate 2 for 10 minutes in the 
aforementioned 0.01-mole aqueous solution of perchloric acid 
(HCIO4). The films 41, 42, after formation, were heated (POA 
processed) at 200°C in nitrogen for 30 minutes, and 
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subsequently, an aluminum electrode was formed. The figures 
demonstrate that if voltages of 4 V and -4 V were applied to 
the gate electrode on the Si02 films 41, 42, the leak current 
densities were 1 to 8xl0" 8 A/cm 2 and 1 to 8xl0" 9 A/cm 2 
respectively. The heating (POA process) reduced the leak 
current density to 1/5 to 1/10 times that of unprocessed 
films. The heating (POA process) also reduced hysteresis in 
the C-V property to about 0.4 V, which had been about half 
that of unprocessed films. 

Further, a Fourier transform of infrared absorption 
(FT-IR) spectrum revealed that the 200°C heating had caused 
desorption of water molecules in the SiC>2 films 41, 42. This 
suggests that the aforementioned improvement of the 
electrical properties presumably resulted from the desorption 
of water molecules functioning as a trap energy level. 

The thickness of the Si02 film as measured by XPS 
measurement was 8.5 nm, which did not change from 
pre-heating. The thickness of the Si02 film obtained from the 
C-V property was 7.6 nm, which was a little thicker than 
pre-heating. This is presumably because the water molecule 
desorption due to the heating lowered permittivity. In other 
words, comparing the dielectric constant of the SiC>2 films 41, 
42 obtained from the C-V property and XPS measurement 
before heating to that after heating, the dielectric constant 
was 4.9 (prior to processing) and 4.4 (post-processing). This 
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is presumably because the dielectric constant was relatively 
high before the processing due to the presence of H2O (water 
molecules) and OH ions which had strong polarity in the films 
and relatively low after the processing due to the desorption 
of H2O. 

Figure 18 and Figure 19 are representations of C-V and 
I-V properties obtained by heating, at 600°C in nitrogen, the 
Si02 film 15 formed in a 1-mole aqueous solution of nitric 
acid (HNO3) under application voltage of 20 V, and forming a 
MOS diode to this. According to the figures, the hysteresis in 
the C-V property was greatly reduced. The I-V property shows 
that with 10 V and -10 V being applied to the electrode, the 
leak current densities were about lxlO" 5 A/cm 2 and lxl0~ 6 
A/cm 2 respectively. The heating at 200°C in nitrogen removed 
H2O in the Si02 films 41, 42. Few OH ions were removed 
unless heated at 500°C. Therefore, the improvement of 
electrical properties through 600°C heating result from the 
removal of OH ions. 

In contrast, it is confirmed that OH ions were removed 
in a POA process at 200°C in a hydrogen atmosphere or 
heating after the formation of the gate electrode 
(post-metalization annealing; hereinafter, "PMA process"). It is 
therefore understood that performing the foregoing heating at 
200°C in a hydrogen atmosphere effectively removed water 
molecules and OH ions. 
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The voltage application scheme and 2-stage oxidation 
scheme described above may be combined to form the gate 
oxide film 4. For example, at least one step in the 2-stage 
oxidation scheme may be carried out while applying voltage. 

As described in the foregoing, in the oxide film forming 
step (voltage application scheme and 2-stage oxidation 
scheme), the process-target substrate 2 is immersed in an 
oxidizing solution to form the gate oxide film 4 (chemical 
oxide film). Therefore, even if the surface has an irregular or 
curved surface, the oxidizing solution reaches the surface of 
the process-target substrate 2 uniformly. Accordingly, the 
gate oxide film 4 formed is uniform in thickness across all the 
regions where the gate oxide film 4 should be formed. 
Therefore, thin film transistors can be manufactured which 
include the high reliability, high quality gate oxide film 4. 

In the thin film transistor, the quality of the gate oxide 
film 4 is a major factor in determining the electrical 
properties and reliability of the thin film transistor. In other 
words, the gate oxide film 4, which is required to be 
completely insulating in the thin film transistor, directly 
impact the performance (reliability and properties) of various 
devices which includes the thin film transistor. Therefore, 
especially high quality and reliability is required with the film 
4. Therefore, the gate oxide film 4 formed has excellent 
insulation tolerance and other properties, high reliability, and 



high quality since the film 4 is formed by the oxide film 
forming step. Therefore, it is possible to thin down the gate 
oxide film 4. As a result, it is possible to manufacture thinner 
thin film transistors than conventional ones. 

With the foregoing arrangement, an active oxidizing 
species with strong oxidation effect is prepared by heating or 
electrolyzing an oxidizing solution. The oxidizing species is 
then used to form a chemical oxide film. Therefore, the 
chemical oxide film can be formed, for example, at 200°C or 
lower temperatures. Therefore, thin film transistors can be 
manufactured which are applicable to the manufacture of 
liquid crystal displays built on a flexible substrate (for 
example, plastic; polyethylene terephthalate (PET)). 
Accordingly, low threshold, thin film plastic transistors can 
be manufactured even on a plastic substrate. 

Here, the "active oxidizing species" refers to oxygen that 
is more likely to cause chemical reaction than ordinary 
oxygen (O2). Examples are oxygen in an atomic state, 
dissociated oxygen ions (O), oxygen in a metastable state (for 
example, singlet oxygen generated by excitation of ordinary 
triplet oxygen), peroxide ions (O2 2 -), superoxide ions (superoxo 
ions; O2-), ozonide ions (O3"), water oxide ions (OH-), 
perhydroxy ions (OOH-), and their radicals. 

The "oxidizing solution containing an active oxidizing 
species" refers to a solution containing the aforementioned 
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active oxidizing species and is not limited in any particular 
manner so long as the solution generates at least one of the 
active oxidizing species. It is preferable if the solution is at 
least one solution selected from the group consisting of 
oxidizing solution, strong acids, such as nitric acid, 
perchloric acid, and sulfuric acid, ozone-dissolving water, 
aqueous hydrogen peroxide, a mixed solution of hydrochloric 
acid and aqueous hydrogen peroxide, a mixed solution of 
sulfuric acid and aqueous hydrogen peroxide, a mixed 
solution of aqueous ammonia and aqueous hydrogen peroxide, 
a mixed solution of sulfuric acid and nitric acid, aqua regia, 
and boiling water; or a mixture thereof. It is preferable if the 
oxidizing solution does not contain halogen or any metal. 
Halogen and metal are difficult to remove from the chemical 
oxide film and can be a cause for poor film quality. For this 
reason, the especially preferred oxidizing solution is nitric 
acid. 

The oxidizing solution may have any concentration so 
long as the chemical oxide film can be formed on the 
substrate. The concentration can vary depending on how 
easy/ difficult to form the chemical oxide film (oxidize the 
silicon). When it is difficult to form the chemical oxide film 
(difficult to oxidize the silicon), an oxidizing solution of a high 
concentration is used, because the higher the concentration, 
the stronger the oxidation effect. 



In the present manufacturing method, it is preferable if 
the substrate on which a chemical oxide film should be 
formed carries, on the surface, at least one silicon compound 
selected from the group consisting of monocrystal silicon, 
polycrystalline silicon, amorphous silicon, continuous grain 
silicon, silicon carbide, and silicon germanium, and the 
silicon oxide film (silicon dioxide film) is formed by directly 
oxidizing the silicon compound. The silicon dioxide film is 
used as the gate oxide film and insulating oxide film for 
various purposes. Therefore, by carrying out the oxide film 
forming step, thin film transistors can be formed which 
include as the chemical oxide film a high reliability, and high 
quality silicon dioxide film with excellent insulation tolerance 
and other properties. 

Polycrystalline silicon (polysilicon) is an excellent gate 
electrode material because it can be used in self-aligning 
processes. Therefore, it is thus preferred to utilize 
polycrystalline silicon as a gate electrode. However, 
polycrystalline silicon on the substrate is formed by 
deposition (CVD); it is however difficult to form a uniform 
oxide film with CVD. Therefore, the intended oxide film 
properties (for example, low leak current) cannot be achieved 
unless the oxide film is sufficiently thick. Therefore, the thin 
film transistor cannot thinned down further unless the oxide 
film is formed with high quality. Especially, increasingly more 
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polycrystalline silicon (polysilicon) is being used in place of 
monocrystal silicon for lamination on the substrate. However, 
polycrystalline silicon is formed on the substrate by 
deposition (CVD). Therefore, the polycrystalline silicon formed 
has an irregular surface. 

In addition, the thin film transistor is a high 
performance thin film transistor which includes a high 
reliability, high quality gate oxide film. The thin film 
transistor is applicable to, for example, switching elements 
and capacitors in memory cells. It is applicable, for example, 
to pixel capacitors. Therefore, displays with stable 
capacitance and pixels are provided by applying the thin film 
transistor to various displays, such as liquid crystal displays, 
organic EL displays, and flat panel displays. 

The oxide film forming step in the present 
manufacturing method is useable as, for example, a method of 
modifying an oxide film. Specifically, conventionally, the gate 
oxide film has been formed by deposition (CVD) or thermal 
oxidation. However, these methods are short of uniformly 
forming a high quality gate oxide film. In other words, the 
conventional gate oxide film is a non-uniform oxide film. 

Accordingly, it is preferred to apply a voltage application 
scheme and/or a 2-stage oxidation scheme on such a 
non-uniform gate oxide film. It is preferred to, after a gate 
oxide film is formed by, for example, CVD, subject the gate 



oxide film at least either one of the voltage application 
scheme and the 2-stage oxidation scheme. Accordingly, it 
becomes possible make uniform the non-uniform gate oxide 
film formed by CVD, etc. In other words, the voltage 
application scheme and the 2-stage oxidation scheme can be 
used as a method of modifying a gate oxide film which 
improves the quality of the non-uniform gate oxide film. 

As described above, for example, the thickness of the 
non-uniform oxide film formed by CVD, etc. can be made 
uniform by performing the oxide film forming step of the 
present manufacturing method on the non-uniform oxide film. 
Therefore, the non-uniform oxide film can be modified into a 
high reliability oxide film. 

In other words, typically, the oxide film in TFT and other 
transistors (for example, gate oxide film) is formed by CVD. 
Nevertheless, CVD is a method to deposit an oxide film on a 
substrate; thus, a uniform oxide film cannot be formed, 
especially, on a substrate with an irregular shape. Therefore, 
the quality of the conventionally used oxide film is 
insufficient. 

Accordingly, the substrate on which such an insufficient 
oxide film is formed is immersed in a solution containing an 
active oxidizing species by carrying out the oxide film forming 
step. Accordingly, the substrate is directly oxidized in a 
highly oxidizing solution with strong oxidation effect. As a 
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result, the thickness of the oxide film can be made uniform. A 
high reliability oxide film can be formed. 

The foregoing description is focused on a gate oxide film, 
or a chemical oxide film, which is required to exhibit high 
quality and high reliability, especially, to obtain electrical 
insulation. The chemical oxide film is by no means limited to 
such a type. The invention is applicable to oxide films of any 
use so long as the oxide is formed in an oxidizing solution. 

In the oxide film forming step, the thickness of the 
chemical oxide film is also controllable by adjusting the 
magnitude of the applied voltage, the concentration of the 
oxidizing solution, the process duration in the step, etc. in 
the voltage application scheme and the 2-stage oxidation 
scheme. As mentioned above, a high quality chemical oxide 
film can be formed in the oxide film forming step; therefore, 
the chemical oxide film can be thinned down. Therefore, thin 
film transistors including the thinned chemical oxide film can 
be driven at lower voltage than conventional ones. 

Manufacturing example 4 

Here, a comparison was made as to two cases as in 
manufacturing example 1. In one of them, the first chemical 
oxide film (silicon dioxide film 41) was formed on the 
substrate. After that, the silicon dioxide film 41 was formed. 
The substrate was then immersed in a 40% (wt.) aqueous 
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solution of nitric acid. The solution, along with the substrate 
left immersed therein, was heated (concentrated) until the 
concentration reaches azeotropy, so as to form the second 
chemical oxide film (silicon dioxide film 42). (This is 
continuous oxidation.) In the other, a 40% (wt.) aqueous 
solution of nitric acid and an azeotropic aqueous solution of 
nitric acid were individually provided. The first chemical 
oxide film (silicon dioxide film 41) was formed in the 40% (wt.) 
solution. After that, the substrate, now carrying the silicon 
dioxide film 41 thereon, was immersed in the azeotropic 
solution, so as to form the second chemical oxide film (silicon 
dioxide film 42). (This is non-continuous oxidation.) 

Specifically, in the continuous oxidation, first, the 
substrate washed in RCA was immersed in 40 wt.% nitric acid 
for 10 minutes. Thereafter, the solution, along with the 
substrate left immersed therein, was heated until the nitric 
acid reached azeotropy. Then, after the nitric acid had 
reached azeotropy, the substrate was immersed for another 2 
hours. 

In contrast, in the non-continuous oxidation, first, the 
substrate washed in RCA was immersed in 40 wt.% nitric acid 
for 10 minutes. Next, the substrate was removed from the 40 
wt.% nitric acid. After washing, the substrate was immersed 
in azeotropic nitric acid for 2 hours. 

As shown in Figure 30, a comparison of the silicon 
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dioxide films formed as described above shows that the 
continuous oxidation formed an about 4-nm silicon dioxide 
film which was relatively thick and that the non-continuous 
oxidation formed an only about 1-nm silicon dioxide film. 

In addition, as shown in Figure 29, the TFT 
polycrystalline thin film was oxidized more quickly in the 
continuous oxidation than in the non-continuous oxidation, 
to form a thick chemical oxide film. 

The present invention is not limited to the description of 
the embodiments above, but may be altered by a skilled 
person within the scope of the claims. An embodiment based 
on a proper combination of technical means disclosed in 
different embodiments is encompassed in the technical scope 
of the present invention. 

Embodiment 2 

The following will describe an embodiment in accordance 
with the present invention in reference to Figure 21 through 
Figure 28. An example will be taken to illustrate a method of 
manufacturing a MOS capacitor in which a silicon dioxide 
film and a electrode are formed on a silicon substrate. The 
present invention is by no means limited to this. 

The method of manufacturing a MOS capacitor 
(semiconductor device) of the present embodiment is a method 
characterized by the inclusion of an oxide film forming step 
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whereby the semiconductor surface is brought in contact with 
oxidizing solutions of different concentrations to form 
chemical oxide films on the semiconductor surface in stages. 
Now, the oxide film forming step, which is the feature of the 
present invention, and a semiconductor manufacturing 
apparatus which performs the step will be described. 

Figure 21 is a schematic cross-sectional view of a major 
part of the manufacturing apparatus used in the method of 
forming silicon dioxide films on a silicon substrate 
(semiconductor) as the second embodiment in accordance 
with the present invention. The process-target silicon 
substrate 10 is immersed in the low-concentration oxidizing 
solution 30 in the first processing container 20. This process 
forms the first oxide film (first chemical oxide film) 40 on the 
surface of the silicon substrate 10. After that, the 
process-target silicon substrate 10 on which the first oxide 
film 40 is formed is immersed in the oxidizing solution of a 
high concentration 60 in the second processing container 50 
to form the second oxide film (second chemical oxide film; not 
shown) on the first oxide film 40. Thus, the silicon dioxide 
film 70 contains the first oxide film 40 and the second oxide 
film. In other words, the manufacturing apparatus contains 
an oxide film forming section which performs a method of 
forming an oxide film in accordance with the present 
invention as below. 



Figure 22(a) to Figure 22(f) are cross-sectional step flow 
views disclosing a method of manufacturing a MOS capacitor. 
The manufacturing apparatus shown in Figure 9 is used to 
form the silicon dioxide film 17 and the electrode 118 on the 
silicon substrate 111. The following will describe a method of 
an embodiment in accordance with the present invention. 

First, as shown in Figure 22(a), separation regions 112 
are formed in advance on the silicon substrate 111. Here, the 
silicon substrate 111 is a p-type, (100) substrate with a 
resistivity from 10 Ocm to 15 Gem. Then, the silicon 
substrate 111 is then injected with boron (B) as a channel 
stopper. After that, a silicon dioxide film about 500 nm thick 
is formed as the separation regions 112 on one surface of the 
silicon substrate 111 by LOCOS (local oxidation of silicon) 
technology. The separation regions 112 is not necessarily 
formed by LOCOS; for example, an embedded silicon dioxide 
film may be formed in the silicon substrate. The silicon 
substrate 111 is by no means limited to the foregoing 
properties. Referring to Figure 22(a), the region in which the 
natural oxide film 113 is formed is the region in which the 
silicon dioxide film 116 should be formed by the step detailed 
below. The region is indicated as an active region 114. In 
addition, the silicon substrate 1 in Figure 9 is a schematic 
representation of the entirety including the separation region 
(LOCOS oxide film) formed on the silicon substrate 111 like 
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the one shown in Figure 22(b). 

As shown in Figure 22(a), if the natural oxide film 113 is 
formed on the surface of the silicon substrate 111 at this 
stage, the natural oxide film 113 is completely removed as in 
5 Figure 22(b) by washing the substrate 111 with a well-known 

RCA washing method, in other words, in an aqueous solution 
of primarily ammonia and hydrogen peroxide and then 
immersing in a 0.5% (volume ratio; hereinafter vol.") dilute 
solution of hydrofluoric acid for about 5 minutes. The active 

10 region 114 of the silicon substrate 1 1 1 is thus exposed. 

Next, the silicon substrate 111 is rinsed (washed) in 
ultrapure water for 5 minutes. After that, the silicon 
substrate 111 is immersed in the first processing container 2 
filled with the low-concentration oxidizing solution 3 as 

15 shown in Figure 9. Accordingly, as shown in Figure 22(c), the 

first oxide film (first chemical oxide film) is formed on the 
active region 114. Here, the substrate 1 1 1 is immersed for 10 
minutes. As described above, the silicon substrate 111 of 
which the surface is cleaned is immersed in the 

20 low-concentration oxidizing solution 3 for 10 minutes to form 

the first oxide film 115 shown in Figure 22(c). The first oxide 
film 115 is a silicon dioxide film which is part of the silicon 
substrate 111 having been oxidized. 

The low-concentration oxidizing solution 3 is a low 

25 concentration solution with strong oxidation effect (oxidizing 



solution). Here, the oxidizing solution is a 40% (weight ratio; 
"hereinafter, "wt.") aqueous solution of nitric acid. In addition, 
the first oxide film 115 is 1.1 nm thick. 

Subsequently, the silicon substrate 111 on which the 
first oxide film 115 is formed is immersed in the 
high-concentration oxidizing solution 6 which fills the second 
processing layer 5 shown in Figure 9. Accordingly, as shown 
in Figure 22(d), oxidation reaction for the silicon substrate 
111 proceeds further; the second oxide film (not shown) is 
formed on top of the first oxide film 115. The silicon dioxide 
film 116 is thus formed. That is, the silicon dioxide film 116 
is made of the first oxide film 115 formed by the Figure 22(c) 
step and the second oxide film (not shown) formed by the 
Figure 22(d) step. In other words, for descriptive purposes, 
the silicon dioxide film 116 can be said to be made of the first 
oxide film 115 and the second oxide film. Actually, however, 
since both films are made of silicon dioxide, the films form 
the single-layer silicon dioxide film 116. Note that the 
substrate 1 1 1 is immersed in the solution 6 for 10 minutes. 
As described above, the silicon substrate 111 on which the 
first oxide film 115 is formed is immersed in the 
high-concentration oxidizing solution 6 for 10 minutes, to 
uniformly form the silicon dioxide film 116 as shown in Figure 
22(d). The silicon dioxide film 116 is 10 nm thick. 

The high-concentration oxidizing solution 6 refers to a 



low-concentration solution with strong oxidation effect 
(oxidizing solution). The high-concentration oxidizing solution 
here is 68% (wt.), azeotropic nitric acid. 

Subsequently, as shown in Figure 22(e), the metal film 
(metal-containing film) 17 is formed on the silicon dioxide 
film 116 and the separation regions 112. Here, as the metal 
film 117, an aluminum alloy containing 1 wt.% silicon is 
deposited up to a thickness of about 200 nm by well-known 
resistance heating vapor deposition (hereinafter, this kind of 
metal film electrode will be simply called an Al electrode). The 
metal film 117 is by no means limited to the Al electrode. For 
example, a polysilicon electrode (material) may be deposited 
for use in place of the metal film 117. 

Thereafter, as shown in Figure 22(f), the metal film 117 
is patterned to desired geometry to form the electrode 118. A 
MOS capacitor is hence manufactured. 

The MOS capacitor (semiconductor device) manufactured 
as described above provides stable capacitance (electrostatic 
capacitance) as shown in Figure 23. Figure 23 is the 
relationship between electrostatic capacitance (C) and applied 
voltage (V), or a so-called representation of C-V property, of 
the MOS capacitor produced in accordance with the present 
embodiment. As observable from the property diagram, 
applying a positive voltage to the electrode 118 induces an 
inverted layer at the interface (silicon substrate surface) 



between the silicon substrate 111 and the silicon dioxide film 
(interface with the oxide film (semiconductor surface)), 
thereby providing stable capacitance (electrostatic 
capacitance). 

As described above, in the present embodiment, the 
silicon substrate 111 is immersed in aqueous solutions of 
nitric acid of different concentrations to form the silicon 
dioxide film 15 on the silicon substrate 1 1 1 in two stages. In 
other words, the silicon dioxide film 116 which constitutes a 
MOS capacitor is formed by the step of bringing the silicon 
substrate (semiconductor) 111 in contact with a 40% (wt.) 
aqueous solution of nitric acid (oxidizing solution of a first 
concentration) to form a first oxide film (first chemical oxide 
film) 15 on the surface of the silicon substrate 111 and the 
step of bringing the first oxide film 115 in contact with a 40% 
(wt.) (the concentration used to form the first oxide film 115) 
or thicker aqueous solution of nitric acid (oxidizing solution 
of a second concentration; a 68% (wt.) aqueous solution of 
nitric acid in the foregoing) to form a second oxide film on the 
first oxide film 115. 

In addition, as observable from the C-V property diagram 
in Figure 23, the MOS capacitor formed as described above 
has the same or less level of leak current density than the 
MOS capacitor containing as an insulating film the silicon 
dioxide film formed by an ordinary high temperature thermal 



oxidation method. The performance has certainly improved. 

In the foregoing manufacturing example, the silicon 
dioxide film 116 is 10 nm thick. The thickness is not limited 
in any particular manner. Adjusting the durations for which 
the silicon substrate 111 is immersed in the 
low-concentration oxidizing solution 3 and the 
high-concentration oxidizing solution 6 causes changes in 
thickness of the first oxide film 115 and the silicon dioxide 
film 15. In other words, the silicon substrate 111 can be 
immersed in an oxidizing solution for durations specified in 
accordance with a desired film thickness. The concentration 
of the oxidizing solution is another factor determining a rate 
of formation for oxide films, such as the first oxide film 115. 
Therefore, the immersion duration only needs to be specified 
in accordance with the type and concentration of the oxidizing 
solution and the thickness of an oxide film to be formed; the 
duration is not limited in any particular manner. 

In the present embodiment, the oxidizing solution of a 
low concentration or an oxidizing gas thereof is a 40% (wt.) 
aqueous solution of nitric acid as an example. The solution 
may be replaced with at least one aqueous solution selected 
from the group consisting of perchloric acid, sulfuric acid, 
ozone-dissolving water, aqueous hydrogen peroxide, a mixed 
solution of hydrochloric acid and aqueous hydrogen peroxide, 
a mixed solution of sulfuric acid and aqueous hydrogen 



peroxide, a mixed solution of aqueous ammonia and aqueous 
hydrogen peroxide, a mixed solution of sulfuric acid and 
nitric acid, and aqua regia. Also, the solution may be replaced 
with boiling water with oxidation effect. 

In the present embodiment, the oxidizing solution of a 
high concentration or an oxidizing gas thereof is a 68% (wt.) 
aqueous solution of nitric acid ("azeotropic nitric acid"). The 
solution may be replaced with at least one aqueous solution 
selected from the group consisting of azeotropic perchloric 
acid, azeotropic sulfuric acid, and aqua regia. 

When the oxidizing solution of a high concentration is 
an azeotropic mixture with water, the solution and vapor (that 
is, gas) have a constant concentration while a chemical oxide 
film is being formed on the semiconductor. Thus, the growth 
of the chemical oxide film can be controlled with time. 
Therefore, it is preferable if the oxidizing solution of a high 
concentration is an azeotropic mixture. 

As will be detailed later in an example, it is preferable if 
the first chemical oxide film (first oxide film 115) formed in an 
oxidizing solution of a low concentration has pores. In other 
words, it is preferable if the first chemical oxide film has a 
relatively low atomic density. When this is the case, the 
formation of the second chemical oxide film in the oxidizing 
solution of a high concentration proceeds smoothly. This is 
because the oxidizing solution acts (contacts) in the pores in 



the first chemical oxide film to form the second chemical 
oxide film. That is, the porous, low-atomic density, first 
chemical oxide film acts as a catalyst, enabling the oxidation 
reaction (formation of the second chemical oxide film) to 
proceed gradually. The resultant chemical oxide films is of 
higher quality. 

In the foregoing description, the chemical oxide films are 
formed in the low-concentration oxidizing solution 3 and the 
high-concentration oxidizing solution 6 (oxidizing solutions of 
two concentrations) which respectively fill the first processing 
container 2 and the second processing container 5, as shown 
in Figure 9. However, the method of forming the chemical 
oxide films is by no means limited to this. For example, the 
oxidizing solution may be altered gradually to high 
concentration, from low concentration to high concentration 
in many stages (oxidizing solutions of two or more 
concentrations or gases thereof are prepared). The 
concentration of the oxidizing solution may be increased 
continuously from low concentration to high concentration. 
That is, a low concentration solution may be concentrated to 
prepare a continuously high concentration solution. For 
example, if the oxidizing solution below azeotropic 
concentration (oxidizing solution of a low concentration) is 
heated and concentrated until azeotropic concentration is 
reached, and maintained in that heated state, the oxidizing 
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solution having reached azeotropic concentration and its 
vapor show an invariable composition. Accordingly, the 
growth of the chemical oxide film can be controlled with time. 
Therefore, the formation (thickness, quality, etc.) of the 
chemical oxide films can be controlled with higher accuracy. 

It is preferable if the oxidizing solutions of a low 
concentration and a high concentration are oxidizing species 
with strong oxidation effect (for example, oxygen ions, such as 
oxygen ions, water oxide ions, peroxide ions, or radicals). 
When this is the case, the chemical oxide films can be formed 
at temperatures as low as 200°C or even lower. Therefore, the 
present embodiment is suited for application to the formation 
of TFTs in the manufacture of a flexible liquid crystal display 
which requires the chemical oxide film to be formed at 
temperatures as low as 200°C or even lower. 

In the present embodiment, it is also possible to form in 
the aforementioned silicon dioxide film 116, (i) a silicon 
nitride-containing silicon dioxide film of which the surface is 
partially nitrided (silicon nitride) in a nitrogen-containing gas, 
especially by plasma, and (ii) a thick insulating film of Si02 or 
another material atop the silicon nitride-containing film by 
CVD, etc. after the aforementioned nitriding. 

The nitrided chemical oxide film generally shows 
intermediate properties between the oxide film and the nitride 
film depending on the composition. For example, the diffusion 



coefficient of impurities is slower in a nitride film than in an 
oxide film (thermal nitriding). A nitrided chemical oxide film 
provides excellent prevention of the impurity with which the 
gate electrode is doped, especially, boron, from diffusing into 
the Si substrate. Therefore, the nitrided chemical oxide film is 
applicable semiconductor devices in which an ultrathin gate 
insulating film (for example, 4 nm or less) is needed. 

As described above, the nitriding is one way of improving 
the performance of the transistor. The nitriding further 
improves the quality of the chemical oxide film, which in turn 
allows for thinner chemical oxide films. 

"Nitriding" means that the fabricated silicon dioxide film 
116 (chemical oxide film) is at least partially nitrided. The 
nitriding involves heating a chemical oxide film formed 
through oxidation of a semiconductor surface in an 
atmosphere containing a nitriding species for nitriding at 
least part of the chemical oxide film. 

Examples of nitriding include ammonia (NH 3 ) nitriding, 
nitrous acid (N2O) nitriding, and nitrogen monoxide (NO) 
nitriding. In these methods, ammonia, nitrous acid, and 
nitrogen monoxide are the nitriding species. Properties of a 
nitrided chemical oxide film obtained through NO nitriding do 
not degrade; the film, when used as a gate insulating film, 
shows excellent insulation breakdown tolerance and hot 
carrier tolerance over time. 



As another example of the present embodiment, a high 
dielectric film, such as hafnium oxide or aluminum oxide, is 
laminated on the aforementioned silicon dioxide (Si0 2 ) film 16 
to form a composite film. The composite film can be used as 
the gate insulating film in a MOS transistor. Transistor 
properties improve (less leak current, higher mobility due to 
lowered interface energy level, etc.) with such a composite 
film when compared with the use of a high dielectric film 
alone. The silicon dioxide film under the high dielectric film 
may be ultrathin: for example, 1 nm or even less. A silicon 
dioxide film formed by ordinary thermal oxidation is not 
applicable in practical use where there is large leak current 
or high interface energy level, if the film is about 1 nm thick. 
The silicon dioxide (Si0 2 ) film 16 of the present embodiment 
is suitable for use in composite film of layered structure when 
the film 16 is topped by a thick insulating film. The oxide film 
of the present embodiment is also applicable to a layered 
ferroelectric film structure, as well as to the high dielectric 
film. 

In the foregoing description, the metal film 117 
(metal-containing film) is made of aluminum. Examples of 
films containing metal atoms include films containing metal 
atoms selected from the group consisting of aluminum, 
magnesium, nickel, chromium, platinum, palladium, tungsten, 
titanium, and tantalum. Preferable films containing metal 



atoms are those containing active metal atoms: for example, 
metal films of aluminum, magnesium, and nickel and alloy 
films of silicon-containing aluminum. The film containing 
metal atoms may be a compound, such as titanium nitride or 
tantalum pentoxide. 

The present embodiment is focused on an example in 
which the monocrystal silicon substrate ill is used as a 
process-target substrate to manufacture a MOS capacitor. The 
steps involved are also suited for use with polycrystalline 
(inclusive of fine crystals) silicon or amorphous silicon on a 
glass or PET substrate in the manufacture of thin film 
transistors (TFTs). In other words, it is preferable if the 
semiconductor on which a chemical oxide film should be 
formed contains silicon and the chemical oxide film to be 
formed is a silicon dioxide film. 

The monocrystal silicon substrate is not necessarily 
planar. The substrate may have three-dimensional, spherical, 
curved, or otherwise irregular geometry. The silicon dioxide 
film or other insulating film explained in the present 
embodiment can be uniformly formed on the irregular or 
curved parts of the surface at low temperature so that those 
parts can serve as transistor channels. 

Further, the steps are applicable not only to the 
manufacture of MOS capacitors, but also to, for example, the 
manufacture of MOS transistors containing the silicon dioxide 



film or like insulating film as the gate insulating film, and 
capacitive insulating films in large scale integrated circuits 
(LSIs), for example, flash memory and other memory. 

In the foregoing description, the chemical oxide film is a 
silicon dioxide film. The chemical oxide film may alter 
depending on the kind of oxidized semiconductor. The 
chemical oxide film is by no means limited to the silicon 
dioxide film. 

In the foregoing description, no voltage is applied to the 
silicon substrate 111. By forming the silicon dioxide film 
through voltage application, however, the progress of the 
oxidation reaction can be accelerated (the formation rate of 
the silicon dioxide can be increased). 

In the foregoing description, the silicon substrate 111 is 
immersed in the low- and high-concentration oxidizing 
solutions 3, 6. Therefore, the oxide film can be formed using a 
very simple arrangement. However, the silicon substrate 111 
is not necessarily immersed. It is sufficient if the oxidizing 
solution can react with the silicon substrate. For example, the 
substrate may be exposed to low-concentration or 
high-concentration vapor (oxidizing gas) of the oxidizing 
solution. In a case like this, it is sufficient if vapor of the 
aforementioned the oxidizing solution is used. 

The following will describe the present invention in more 
detail by way of examples, which is by no means limiting the 
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present invention. 



Example 1 

The formation of a 3.5-nm thick Si0 2 film by a chemical 
5 oxide film forming method involving 2-stage solution 

oxidation will be explained. 

First, to form the first chemical oxide film (first oxide 
film 115), the silicon substrate 111 was immersed in a 40% 
(wt.) aqueous solution of nitric acid without applying voltage. 
10 The porous Si0 2 film (first oxide film 115; chemical oxide 

film) with an atomic density of 2.22xl0 2 2 atom/cm^, which 
was relatively low, was formed to a thickness of 1.1 nm. 

Subsequently, to form the second chemical oxide film, 
the silicon substrate 111 was immersed in a 68% (wt.), 
15 azeotropic aqueous solution of nitric acid (boiling point 

120. 7°C) to form a thicker Si0 2 film than the first chemical 
oxide film with an atomic density of 2.34xl0 22 atom/cm 3 
(combined thickness 3.5 nm). 

In the first and second oxidation processes (the 
20 formation steps for the first and second chemical oxide films), 

the pores in the Si0 2 film (first chemical oxide film) formed in 
the first, 40% (wt.) aqueous solution of nitric acid provided 
sties where nitric acid would decompose. That is, the porous 
Si0 2 film (first oxide film 115) of low atomic density 
25 presumably acted as a catalyst to promote the oxidation of 
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the nitric acid, forming the second chemical oxide film. 

Figure 24 is an XPS spectrum property diagram for the 
Si0 2 film 16 (chemical oxide film) formed by the 2-stage nitric 
acid oxidation process. The two sharp peaks are attributed to 
photoelectrons released from the Si(2p) orbit of the silicon 
substrate. The wider peak is attributed to photoelectrons 
released from the SiG 2 film 16. From these peaks' 
area/ intensity ratios, the combined thickness of the Si0 2 film 
16 was calculated to be 3.5 nm. 

In contrast to this, if no first chemical oxide film was 
formed, and if the silicon substrate was from the beginning 
immersed in the azeotropic aqueous solution of nitric acid 
(concentration 68% (wt.)), i.e., under the same conditions as 
for the formation of the second chemical oxide film, a poreless 
Si0 2 film with a high atomic density was formed. The 
thickness was as small as 1.4 nm. 

Figure 25 is a representation of I-V property for a 
MOS-structure diode containing the 3.5-nm thick Si0 2 film 16 
obtained by the 2-stage nitric acid oxidation process before 
and after a PMA process. The diagram shows that after a 
MOS-structure diode was subjected to a PMA process in a 
hydrogen atmosphere at 250°C, the leak current density was 
lxlO- 4 A/cm 2 and 2xl0" 6 A/cm 2 for a 1-volt forward bias and 
a 1 volt reverse bias respectively. The leak current density 
has certainly decreased in comparison with the pre-PMA 
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process values: lxlO 3 A/cm 2 and 7xl0" 4 A/cm 2 respectively. 

Figure 26 is a representation of C-V property for a 
MOS-structure diode containing 3.5-nm thick Si02 film 16 
obtained by the 2-stage nitric acid oxidation process before a 
PMA process. The C-V property diagram shows a swell (of 
properties) due to interface energy levels and also hysteresis. 
A, so-called PMA process in which the diode was heated as it 
was in a hydrogen atmosphere at 250°C eliminated the swell 
completely and most of the hysteresis. 

In this example, the Al electrode 17 was formed on the 
3.5-nm thick Si0 2 film 16. The subsequent PMA process in 
which the sample was heated in a hydrogen atmosphere at 
250°C eliminated interface energy level and gap level in Si0 2 . 
The band gap of the SiC>2 film 16 then increased, which in 
turn markedly reduced leak current density. These 
phenomena improved the performance of the insulating film. 
This is not the only possibility. Experience tells that 
immersion in an aqueous solution of nitric acid for an 
extended period of time makes it possible to form the Si02 
film 16 with thickness in excess of this, up to a few tens of 
nanometers. In addition, performing the aforementioned PMA 
process at appropriately chosen temperature of a few hundred 
degrees Celsius (for example, 450°C) improved the electrical 
properties of the MOS structure, especially, eliminated 
hysteresis, lowered leak current density, and improved 
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insulation breakdown voltage tolerance. 

Figure 27 is relationship between the duration of 
immersion in azeotropic nitric acid and the thickness of the 
Si0 2 film 16. The first chemical oxide film was formed by 
immersing the silicon substrate 1 1 1 in a 40% (wt.) aqueous 
solution of nitric acid with no voltage being applied, to form 
the porous Si02 film (first chemical oxide film) of a relatively 
low atomic density (2.22xl0 22 atom/cm 3 ) up to a thickness of 
1.1 nm. Subsequently, the second chemical oxide film was 
formed by immersing the substrate 111 in an azeotropic 
aqueous solution of nitric acid (boiling point 120. 7°C; 
concentration 68% (wt.)) to form the Si0 2 film 16. The 
thickness of the Si0 2 film 16 increased substantially linearly 
with the immersion duration. The figure also shows that the 
Si0 2 film 16 could be formed up to a thickness of 10 nm 
beyond. 

In addition, besides 2-stage change from low 
concentration to high concentration, the 2-stage nitric acid 
oxidation process mentioned above may be implemented in 
the following manner without departing from the scope of the 
present invention. The concentration may be increased 
gradually from low to high in many stages. The concentration 
may be increased continuously from low to high. For example, 
the substrate 111 may be immersed in a 40% (wt.) aqueous 
solution of nitric acid and heated so that it keeps boiling 



until it becomes an 68% (wt.), azeotropic aqueous solution of 
nitric acid (boiling point 120. 7°C). That is, the oxidation of 
the present embodiment may be continuous oxidation or 
non-continuous oxidation as in embodiment 1. 

Embodiment 3 

The following will describe a third embodiment in 
accordance with the present invention. To form TFTs from 
polycrystalline silicon on a substrate, a layered silicon 
dioxide (Si0 2 ) film is used as the gate insulating film. 
Accordingly, here, an example (example 2) fabricated similarly 
to that will be explained. The example is a MOS capacitor (its 
capacitive insulating film) based on a silicon dioxide film 
formed on polycrystalline silicon on a substrate (the silicon 
substrate 1 1 1 is a polycrystalline silicon substrate). 

In a case like this, it is appropriate to form a silicon 
dioxide (Si02) film on the surface of the polycrystalline silicon 
on the substrate by a 2-stage nitric acid oxidation process. 

Similarly (Figure 22(a) to Figure 22(f)) to the foregoing 
embodiment 2 (example 1), first, the first chemical oxide film 
was formed by immersing (brought into contact) the 
polycrystalline silicon layer on the substrate in a 40% (wt.) 
aqueous solution of nitric acid with no voltage being applied 
to form a SiC>2 film (chemical oxide film) up to a thickness of 
1.1 nm (Figure 22(c)). 
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Subsequently, the second chemical oxide film was 
formed by immersing (brought into contact) the 
polycrystalline silicon layer on the substrate carrying the first 
chemical oxide film (Si0 2 film) in a boiling azeotropic aqueous 
solution of nitric acid (boiling point 120. 7°C; concentration 
68% (wt.)) with no voltage being applied, to form the second, 
thick chemical oxide film (Si02j. Thus, the Si02 film 15 
(chemical oxide film) was uniformly formed with a combined 
thickness of about 25 nm. See Figure 22(d). 

In a case like this, again similarly to embodiment 1 
(example 1), the pores in the Si0 2 film (first chemical oxide 
film) formed in the first, 40% (wt.) aqueous solution of nitric 
acid provided sites where the nitric acid would decompose 
throughout the oxidation processes in which the first and 
second chemical oxide films are formed. That is, the porous 
Si02 film (first chemical oxide film) of relatively low atomic 
density (about 2.22xl0 22 atom/cm 3 ) acted as a catalyst to 
promote the oxidation of the nitric acid forming the second 
chemical oxide film. The second, thicker chemical oxide film 
(Si0 2 film) with a little higher density than the first chemical 
oxide film was formed. The atomic density of the second 
chemical oxide film was about 2.34xl0 22 atom/cm 3 . 

Subsequently, the metal film (Al electrode layer) 17 was 
formed on the silicon dioxide film (chemically oxidized SiC>2 
film). The Al electrode layer 17 was formed by depositing 



aluminum containing 1% (wt.) silicon up to a thickness of 
about 200 nm by a well-known resistance heating vapor 
deposition. See Figure 22(e). Instead of depositing the Al 
electrode layer, a polycrystalline silicon (polysilicon) electrode 
material may be deposited. 

Thereafter, the Al electrode layer was patterned to a 
desired shape to form Al electrodes, and the MOS capacitor 
was completed. See Figure 22(f). 

The MOS capacitor obtained in the present embodiment 
had excellent and highly stable properties similarly to 
embodiment 1 (example 1) above. 

The oxidizing solution was an aqueous solution of nitric 
acid as an example. This may be replaced by at least one 
aqueous solution selected from the group consisting of an 
aqueous solution of perchloric acid which is a mixtures of 
perchloric acid and water, an aqueous solution of sulfuric 
acid which is a mixtures of sulfuric acid and water, aqua 
regia, and mixed solutions of these liquids (including 
azeotropic mixtures). 

In the present embodiment, a composite film may be 
used which is the silicon dioxide film 116 (chemical oxide 
film; Si0 2 film) which is nitrided partially (up to 0.3 to 0.5 
nm) . 

The present embodiment has described a MOS capacitor 
as an example. The embodiment is also applicable to a gate 



insulating film in a thin film transistor (TFT). The laminated 
silicon dioxide film or the laminated silicon dioxide film 
containing a silicon nitride-containing film provides a high 
performance insulating film with low interface energy levels. 
The film can be used, for example, in large scale integrated 
circuits (LSIs) and charge coupling devices (CCDs). The film is 
also applicable to an interiayer insulating film, in multilayer 
wiring structures, in which wires are made of polycrystalline 
silicon electrode material, etc., and to a capacitive insulating 
film in flash memories and other memories. The film is 
expected to find sufficient utilities in these particular fields. 

The present embodiment has described the manufacture 
of a MOS capacitor using a polycrystalline silicon substrate 
as the silicon substrate 111 as an example. The steps 
explained there are of course applicable to monocrystal 
silicon substrates. They are also applicable to the thin film 
transistors (TFT) based on polycrystalline (inclusive of fine 
crystal) silicon or amorphous silicon on a glass or PET 
substrate. Especially, in the present embodiment, chemical 
oxide films can be formed at temperatures as low as 200°C or 
even lower. The steps are therefore suited for use in the TFT 
formation in the manufacture of a flexible liquid crystal 
display. 

The steps are applicable not only to MOS capacitor 
manufacture, but also to gate insulating films and interiayer 



insulating films in MOS transistors, large scale integrated 
circuits (LSIs), charge coupling devices (CCDs), etc. which 
contain, as a gate insulating film, any one of the silicon 
dioxide film formed in the present embodiment, the laminated 
silicon dioxide film containing a Si0 2 film formed by CVD on 
the silicon dioxide film, or the multilayer film consisting of 
the laminated silicon dioxide film and a silicon 
nitride-containing film provided in the middle of the silicon 
nitride-containing film. 

In the present embodiment, it is also possible, in 
addition to the formation of the silicon dioxide film 15, to 
form a silicon nitride-containing film on the surface of the 
silicon dioxide film 15 by a silicon nitride-containing film 
formation process on the surface or nitriding in nitrogen 
plasma. It is also possible to form a thick insulating film of, 
for example, Si0 2 , by CVD, etc. on the silicon dioxide film 15 
or the silicon nitride-containing film. 

The present embodiment has described the manufacture 
of the MOS capacitor using the silicon substrate 111 made of 
polycrystalline silicon as the process-target substrate as an 
example. The steps explained there are of course applicable to 
monocrystal silicon substrates. They are also sufficiently 
applicable to the thin film transistors (TFTs) based on 
polycrystalline (inclusive of fine crystal) silicon, amorphous 
silicon, silicon carbide, or silicon germanium on a glass or 
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PET substrate. 

the present invention are by no means limited to the 
aforementioned embodiments. Various alterations are possible 
without departing from the scope of the claims. Technological 
means disclosed in different embodiments may be used 
together in a suitable combination as further embodiments, 
again without departing from the technical scope of the 
present invention. For example, the oxidation in embodiments 
2, 3 may be either continuous oxidation or non-continuous 
oxidation as in embodiment 1. 

The embodiments and examples described in Best Mode 
for Carrying Out the Invention are for illustrative purposes 
only and by no means limit the scope of the present invention. 
Variations are not to be regarded as a departure from the 
spirit and scope of the invention, and all such modifications 
as would be obvious to one skilled in the art are intended to 
be included within the scope of the claims below. 

INDUSTRIAL APPLICABILITY 
20 The method of manufacturing a thin film transistor in 

accordance with the present invention, as described in the 
foregoing, involves the oxide film forming step of immersing a 
substrate having a surface on which a chemical oxide film 
should be formed in an oxidizing solution containing an active 
25 oxidizing species, to form a chemical oxide film through direct 
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oxidation of the substrate. Therefore, a thick, uniform 
chemical oxide film across all the regions in which a chemical 
oxide film should be formed. Therefore, thin film transistors 
can be manufactured which include a high reliability, high 
quality chemical oxide film. 

Therefore, according to the present invention, for 
example, thin film transistors which include a high quality 
chemical oxide film, such as a gate oxide film, can be 
manufactured at temperatures as low as 200°C or even lower. 
Thus, the invention is applicable to flexible liquid crystal 
displays and ICs containing a flexible substrate (for example, 
plastic; polyethylene terephthalate (PET)) which in turn 
contains a PET or other low-melting-point substrate. The 
invention can find a wide range of applications in the 
electrical device field. 

In addition, according to the present invention, a high 
quality chemical oxide film can be formed on a desired thick 
coating film at low temperature. Further, semiconductor 
devices containing such a chemical oxide film can be 
manufactured. The invention can hence find a wide range of 
applications in the electrical devices field. 



